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Abstract 
The green building and sustainability revolution from the early 21st century 
provided a significant improvement in building performance and reduced 
their carbon footprint. When building and operational costs are compared, 
personnel cost accounts for 85% of the operational cost of any organisation. 
Major green building guidelines across the world discuss human comfort and 
health aspects but don’t focus on human productivity in the office or other 
building typology. This gap presented an excellent opportunity to develop a 
model that establishes the relationship between indoor environmental quality 
and occupant productivity in office buildings. The study was conducted in 
Doha, Qatar using experiment and survey using 90 sensors in 15 zones in an 
office building for a period of nine month. Occupant productivity was 
captured using online survey with nine questions. Occupant response was 
analysed against various indoor environmental quality parameters using 
Response Surface Methodology to outline various relationships. Research 
study achieved its aim and objectives and produced eight innovative 
equations that represent the relationship between various indoor 
environmental factors and occupant productivity.  Results also indicate that 
outside temperature and humidity have an indirect impact on occupant 
productivity; while temperature, relative humidity and light levels have the 
most significant impact on productivity. Lux levels have an indirect effect on 
an occupant’s perception of temperature, and outdoor relative humidity has 
an indirect effect on thermal comfort. Indoor environmental quality factors 
have direct impact on occupant productivity. This study’s unique focus and 
research design can be used to extend occupant productivity studies in 
different types of buildings in different climatic regions. It has provided a 
substantial contribution to the knowledge gap that existed between indoor 
environmental quality and occupant productivity. Future researchers can use 
this study to investigate occupant productivity and indoor environment 
further. 
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1 Introduction 
In a rapidly developing and urbanising world, most people spend most of 
their time indoors (ASHRAE, 2010a, ASHRAE, 2005). The majority of this time 
indoors is spent working in an office environment (Oseland, 1999). Research in 
the built environment sector is widely focused on building performance, but 
there is a lack of focus on human performance and how buildings can 
improve human productivity(Oseland, 1999). Building standards and 
guidelines focus on developing buildings with higher performance and 
efficiency in energy consumption and carbon footprint (Gou et al., 2014, 
World Green Building  Council, 2014, Deuble and de Dear, 2012). Some 
building standards and guidelines focus on occupant health, yet there is lack 
of focus on occupant productivity (Deuble and de Dear, 2012, Miller et al., 
2009, Potbhare et al., 2009, Paul and Taylor, 2008). There is a need to 
investigate the indoor environmental quality and its effect on occupant 
productivity, which this research sets out to investigate, based in the office 
buildings located in Qatar.  
This introductory chapter presents the introduction to the research, its aim, 
objectives and questions, and the motivation behind the research. It will also 
outline the benefits, unit of analysis of the research and explain the structure 
of the thesis.  
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1.1 Background 
Humans have always endeavoured to build a comfortable and secure 
habitat. It prompted the built environment’s industrial and technological 
development that led us to the current state of building science and systems. 
Building science and technologies are continually improving the functionality 
and aesthetics of the buildings. While this has led to the development of 
efficient building systems that are comfortable, it requires a focus on human 
productivity as a result of the comfort provided. Green building design 
standards and rating systems focused mostly on the environmental 
performance of the buildings, reducing energy consumption and improving 
the aesthetical appeal. Most people spend about 70-90% of their time 
indoors. This is dependent on the area they live, the responsibilities of their job, 
gender, seasons and age (Heinrich, 2011, ASHRAE, 1993). The time spent 
indoors is higher for employed adults. For example, American adults spend 
90% of their time indoors (Bernstein et al., 2008), while for German children its 
75%  (Brasche and Bischof, 2005, Javid et al., 2016). Working adults spend a 
significant amount of their indoor time in their respective workplaces. A 
workplace’s indoor environment has a direct effect on human comfort, 
which directly impacts on their productivity (Bordass et al., 1993, Leaman and 
Bordass, 1999, Bordass et al., 2001, Collinge et al., 2014, Tsushima et al., 2015, 
McCunn et al., 2018) and wellbeing (MacKerron and Mourato, 2013, World 
Green Building  Council, 2014). The quantity of daily time spent at workplace 
and the effect of indoor environment quality of an office building on 
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occupant led the researcher to focus and investigate the office buildings. 
The footprint of research and literature on the direct and indirect effect of 
physical parameters of indoor environments can be found from the early 20th 
century in Maslow’s work (Maslow, 1943), based on his human needs theory 
and Vernon’s work on air quality (Vernon and Bedford, 1930, Vernon and 
Bedford, 1926). Later, the indoor environment’s influence on workplace 
productivity  was presented by Herzberg and Heschong (Herzberg, 1966, 
Heschong, 1979). In the workplace context, research further outlined the 
evidence of the extent the impact the built-environment has on an 
organisation’s operational expenses (Romm and Browning, 1994, Leaman 
and Bordass, 1999, Oseland, 1999, Marans and Yan, 1989). Any organisation’s 
operational costs are divided into personnel, material, financial and building-
related costs (Feige et al., 2013). Of these costs, personnel cost has an 85% 
share of the total cost (CABE, 2005). Studies have shown that employee 
salaries are more than building and rental costs by a factor of 25 times 
(Clements-Croome, 2000, Fisk, 2000b). So, improving employees’ 
performance can help to create an extensive amount of savings for the 
company. In the U.S alone, it is estimated that by improving employees’ 
productivity nationally, there would be a yearly saving of US$ 12-125 billion 
(Fisk, 2000a). Similarly, in the UK, research outlines that a good office 
environment can help to improve employee productivity by up to 20%. This 
amount nationally (UK) reaches a figure of £135 billion per year (Wheeler and 
Almeida, 2006, Clements-Croome, 2015). Research done by the UK Centre for 
Mental Health presented the term ‘presenteeism’; this describes the state of 
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employees who are present at work, but work at a lower level of productivity. 
Research also outlines that the indoor environment and its physical factors 
play a significant role in presenteeism. Nationally, it amounts to £15 billion per 
year loss (UKCMH, 2011). These factors include thermal comfort, indoor air 
quality, visual comfort, acoustic comfort and office layout. There are studies 
that outline the impact of indoor environment quality on occupant comfort 
and productivity in offices in the middle-east region (Cena and de Dear, 
2001, Indraganti et al., 2015, Indraganti and Rao, 2010, Amasyali and El-
Gohary, 2016, Al-ajmi, 2010, Mostavi et al., 2017). All of these studies present 
evidence that outlines how indoor environmental quality affects occupant 
productivity, a problem that still exists in different countries. 
1.2 Research Motivation 
As highlighted in the previous section, there is ample evidence of the effects 
of indoor environments on occupant productivity. This section outlines the 
gap in current research and rationale behind this research. 
Much of the research on building design improvement focuses on 
sustainability and high-performance building. That research is primarily aimed 
at minimising the environmental impact by making efficient buildings 
integrated with various sustainable design principles, high-performance 
building envelopes, innovative materials and cost-effective technologies. 
Green building rating systems have a more substantial part of the focal point 
to minimise the operating cost, by reducing energy cost within the building’s 
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operational budget. However, by focusing on both building cost and the 
indoor environment, designers can reduce both personnel cost and building 
operating cost for their clients. Most widely-used and respectable building 
rating systems like Leadership in Energy and Environmental Design (LEED) in 
the US, Building Research Environmental Assessment Method (BREAAM) in the 
UK, Comprehensive Assessment System for Building Environmental Efficiency 
(CASBEE) in Japan and Global Sustainability Assessment System (GSAS) in 
Qatar, include various thermal, air and acoustics quality criteria in their health 
and well-being category (Potbhare et al., 2009). They are designed to focus 
on occupant health and maintaining a healthy indoor environment (Varun 
Potbhare et al., 2009). Currently, design criteria in these building rating 
systems are focused on the health and well-being of occupants. While these 
criteria do affect occupant comfort and productivity, their aim is more 
geared towards the engineering facet of the buildings. For instance, the LEED 
rating system has thermal comfort, indoor air quality, lighting and daylighting. 
They focus on water, energy conservation, building material and 
components, and recycling to reduce the building’s impact on the 
environment (Lee and Guerin, 2009). There is no direct aim to address 
occupant productivity. Therefore, there is a need to investigate the indoor 
environmental quality of indoor workplaces to examine its effect on 
occupant productivity. 
Similarly, BREAAM has a focus on health and well-being, assessing visual 
comfort, indoor air and water quality, and thermal comfort. These factors 
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could result in improving occupant comfort and productivity (Miller et al., 
2009). Research studies also outline that green buildings contribute to an 
increase in comfort levels, well-being and productivity, and reduce 
absenteeism (Gabay et al., 2014, Clements-Croome, 2004). However, green 
buildings are not designed to address or improve occupant productivity. It 
can be postulated that any design criteria for improving occupant comfort 
can result in increasing occupant productivity. However, research indicates 
that it is not necessary that optimum comfort leads to optimum productivity. 
The comfort range of any physical parameter is wider than the optimum 
productivity range. It is not necessary that optimum productivity and 
optimum thermal comfort completely overlay within an acceptable thermal 
comfort range (Fisk, 2000b).  
There is a gap between creating a healthy indoor environment for the 
workplace with low environmental impact and creating a healthy and 
productive indoor environment with low impact on both environment and 
client operational cost (Heerwagen et al., 2004, Brill et al., 1985, Leaman and 
Bordass, 1999, Oseland, 2004, Tanabe et al., 2007, Lan et al., 2011, Wargocki, 
2017, McCunn et al., 2018). This presents an opportunity to examine various 
indoor environmental factors and their effect on productivity in an office.  
Every climatic region has a different outdoor environment and requires a 
unique solution to create a comfortable and healthy indoor environment.  
Occupant’s age, gender, regional weather influences their comfort range 
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(Quang et al., 2014, Cena and de Dear, 2001). There is a need to focus on a 
specific type of climate or location.  
The researcher has chosen Doha, Qatar, for this research study. Qatar is one 
of the most rapidly developing countriesin the world (Mason and Lee, 2007, El 
Mallakh, 2015). In recent years, the development rate has risen dramatically 
due to the Qatar FIFA World Cup 2022 in Qatar (Kaplanidou et al., 2016). This 
continuous growth has led to a significant amount of investment from various 
multinational companies, resulting in extensive real estate development, 
including office spaces. This research focuses on the Doha climatic region 
with mixed occupants from various countries. Doha is the capital of Qatar 
and has a hot desert climate. It has long summer with temperature range  
35c to 45c. The traditional architecture of this region consists of low rise 
buildings clubbed to face inwards towards a courtyard (Abdulkareem, 2016). 
Use of mashrabiya screens to cool down the hot air was also prominent in the 
local architecture (Karamata and Andersen, 2014). The architecture has 
evolved in recent years due to globalisation and improvement in civil 
infrastructure of Qatar. There are more towers made up of concrete, glass 
and steel than traditional buildings with mechanical solutions for thermal and 
air comfort. These buildings operate similar to any other building in any other 
climate. However, the interaction between indoor environment and outdoor 
environment in every climate leads to a different response by the occupant. 
This interaction and its effect on occupant productivity in the hot desert 
climate make it unique in its focus and objectives.  
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1.3 Research Aim 
Research problems and motivation have described the gaps in the research 
and practice of workplace design, with its focus on occupant productivity. 
There is an opportunity to investigate the relationship between indoor 
environmental quality and occupant productivity for the industry. Therefore, 
the aim of this research is: 
“To develop a model that establishes the relationship between indoor 
environmental quality and occupant productivity in office buildings in 
Qatar.” 
A list of objectives is proposed by the researcher to achieve the aim 
mentioned above. 
1.4 Objectives 
The following objectives have been identified to achieve the above aim: - 
The first step is to identify various indoor environmental quality factors that 
have any effect on occupant productivity. It is essential to define the 
research scope and breadth of the factors to be considered. This has been 
done using a literature review. 
1. To document the indoor environment quality factors and assesses their 
impact on occupant productivity in an office environment. 
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The second objective focuses on identifying different methods that help to 
measure and capture indoor environmental factors and employee 
productivity in an office building. 
2. To document those metrics and methodologies that assess the indoor 
environmental quality and occupant productivity in an office building. 
Based on the metrics, an experiment will be conducted. The results are then 
analysed to establish a method to define a relationship model between 
indoor environmental quality and employee productivity.  
3. To establish a relationship model (set of equations) between indoor 
environmental quality and employee productivity in an office building. 
Introductory literature highlighted the inter-relationships and inter-
dependencies between different indoor environment quality factors. Further, 
it will present any inter-relationship and dependency. It would also help to 
identify the underlying relationship between different types of comfort.  
4. To outline the inter-dependencies of various indoor environmental factors 
affecting occupant comfort and productivity. 
Finally, a set of design guidelines and recommendations will be presented for 
built environment professionals and future research suggestions. 
5. To develop suggestions and recommendations for built environment 
professionals to incorporate occupant productivity and indoor 
environmental quality in office design. 
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1.5 Research Questions 
The initial investigation led the researcher to confirm that IEQ affects 
occupant productivity. The researcher aims to answer the following research 
questions to achieve the aim of this research study: 
1. What are the various indoor environmental quality factors that affect 
occupant productivity in an office environment? 
2. What are the metrices and methodologies need to adequately assess the 
impact of indoor environmental quality on occupant productivity? 
3. What is the relationship between indoor environment quality, its factors 
and occupant productivity in an office environment? 
4. How can office buildings be designed to incorporate occupant 
productivity along with indoor environmental quality?  
1.6 Benefits of the Study 
The research study would be beneficial in numerous ways to the people in 
the built-environment sector both in research and academia. The research 
contributions of the body of knowledge are listed as follows: 
1. Contribution to existing knowledge on occupant productivity and indoor 
environmental quality. 
2. This research will contribute to further understanding of indoor 
environmental quality factors that are important for occupant 
productivity. It will also highlight the degree of impact of these individual 
factors. 
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3. It will contribute to existing knowledge of metrics and methodologies that 
assess the indoor environmental quality and occupant productivity in an 
office building. 
4. This study will provide future research and develop a direction for the 
green building rating system across the globe. Currently, no building rating 
system outlines the IEQ factors that influence occupant productivity. 
Green building guidelines focus on reducing the energy consumption and 
carbon footprint. This research study will be a unique effort to contribute a 
robust study for researchers to develop new criteria for green building 
rating systems and update the guidelines for office buildings. 
5. It will present various mathematical equations for different types of 
comfort and productivity that establishes the relationship between indoor 
environmental quality and occupant productivity. The model will be a 
significant starting point for built-environment researchers for new research 
endeavours. 
6. The research outcomes will be beneficial to architecture and built 
environment professionals to design a healthy indoor environment for 
office occupants in Qatar. It will provide recommendations to design 
better or healthy office spaces. The indoor environmental quality and 
occupant productivity relationship model (set of equations) can assist 
designers in creating office buildings in Qatar with higher occupant 
productivity and satisfaction levels.  
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1.7 Unit of Analysis 
Unit of analysis is a phenomenon to assess the entity that is being analysed in 
the study. It helps to define the range of analysis conducted in the study as 
against the unit of sampling that focuses on a sampling of the collected data 
(Trochim, 2006).  There are different levels of analysis, and their units can be 
defined using the nature and characteristics of the study. This study aims to 
map the relationship between indoor environmental quality and occupant 
productivity in office buildings in Qatar. It is a quantitative study in a 
longitudinal time frame. The analysis is presented using productivity as a basic 
unit. In this case, a five level scale has been used to define the productivity 
from very negative to very positive. The data is collected at the individual 
level using survey but analysed at group level to define the cause-effect 
relationship. The scope of the research is limited to the physical environment 
and its impact and does not include the behavioural environment and its 
impact on productivity of the occupants. The analysis is focused on the 
regional (Qatar) level due to the impact of external weather on occupant 
perception and response to indoor environmental quality. The unit of analysis 
of this research study is office buildings in Qatar. 
 
 
32 | P a g e  
 
1.8 Overview of the Thesis 
This section provides an overview of thesis chapters. The chapters are 
structured to represent the sequence of the research study and are inter-
related. A brief outline of the chapter covered in this research is given below 
(Table 1.1): 
Chapter Description 
Chapter 1: Research 
Introduction 
This chapter provides an introduction to the 
research study. It covers the research 
motivation, aim, objective and questions. It 
also presents the benefits of the research. 
Chapter 2: Literature 
Review 
This chapter presents a comprehensive 
literature review of the study. It presents the 
state of the art literature on all five indoor 
environmental factors that affect occupant 
productivity. 
Chapter 3: Research 
Methodology 
This chapter presents the research 
methodology of the study. It covers various 
aspects of methodology such as research 
design, analysis, and approach. It also 
presents the equipment used for data 
collection and the occupant profile. 
Chapter 4: Result and 
findings 
This chapter presents the results and findings of 
response surface methodology conducted on 
eight physical parameters under five indoor 
environmental quality factors reviewed in the 
literature review. 
Chapter 5: Discussion  This chapter presents the discussion of results. 
Chapter 6: Conclusion This chapter presents the attainment of 
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and 
Recommendations 
research objectives, research conclusion, 
research limitations, research contributions, 
the recommendation for future research 
Table 1.1Overview of the thesis 
1.9 Chapter Summary  
This chapter outlines the current gaps in the research and focuses on 
occupant productivity. It also presents the potential benefits of focusing on 
occupant productivity, while designing a healthy indoor environment in the 
workplaces. Currently, no green building guideline explicitly focuses on 
occupant productivity and provides a building rating. The aim, objectives, 
research questions and benefits of the study have been presented. The 
following chapter covers the literature review, presenting the current 
literature and research available on indoor environmental quality and 
occupant productivity. 
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2 Literature Review 
This chapter presents the literature review of the research study. The chapter 
is divided into seven sections outlining the effects of five IEQ factors on 
occupant productivity. The first section introduces the literature. A section on 
thermal comfort follows it, which outlines the thermal comfort parameters 
and reviews their effect on occupant productivity. The third section describes 
the indoor environment quality parameters and their effect on occupant 
productivity. The fourth section focuses on visual comfort. The fifth section 
presents the effect of Acoustic Comfort on productivity. The sixth section 
describes how an office layout impacts occupant productivity. Finally, the 
last section summarises the literature review. 
2.1 Introduction 
The previous chapter outlined the gap in current literature and practice of 
building design. It highlighted that various design guidelines lack a focus on 
developing design criteria about occupant productivity. Overall, there is a 
sense of awareness about indoor environmental quality and its effect on 
occupant productivity. However, there is a need to investigate and outline 
such design guidelines. 
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2.2 Productivity 
It is essential to understand productivity to investigate this topic further. It is 
the ratio of output to input. Productivity varies as per the context and content 
of the input and outcome (Kotler et al., 2006). In the case of organisations, 
productivity can be measured as the ratio of money spent on employee cost 
to company turnover (Oseland, 1999).  Productivity in an office environment 
is measured at the individual, team and company level (Feige et al., 2013) 
and is affected by four factors; personal, organisational, social and 
environmental. The degree of impact of each factor, any interdependencies 
and interrelationships cannot be mapped (Williams and Clements-Croome, 
2006, Clements-Croome, 2000). However, research studies indicate that 
conducive environmental conditions in offices lead to a reduction in 
absenteeism and employee complaints, and increase employee productivity 
(Lorsch and Abdou, 1994, Tse and So, 2007, Zhai et al., 2015). The American 
Society of Heating, Refrigerating and Air-Conditioning Engineers (ASHRAE) 
outline that any office environment is treated as a healthy indoor 
environment when 80% of its occupants are satisfied with the environment 
(ASHRAE, 2004). Occupant satisfaction with the physical environment is 
directly related to its comfort levels (Frontczak et al., 2012, Choi et al., 2009).  
If we look at comfort, it is characterised by the state when there is no 
unpleasant sensation. Comfort is a complex subjective state, affected by 
numerous physical factors (Freire et al., 2008).  In an office environment, 
comfort is dependent on the following factors (Feige et al., 2013). 
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1. Psychological comfort 
It includes psychological factors like privacy, territoriality. The occupants 
need to feel safe and have privacy in an environment to be productive. 
They also need to feel some sense of ownership of the place.  
2. Functional comfort 
The occupants need an interruption-free workplace environment with 
adequate resources. The functionality of a workplace also depends on 
disturbances in the workflow and the convenience in accessing the 
workplace. 
3. Physical comfort 
Physical comfort includes physical parameters of the indoor environment 
like temperature, humidity, air quality, noise and lighting levels. 
Oseland described comfort in an office space as a combination of 
physiological, psychological and physical environmental conditions. He 
further details out physical environment into the following (Oseland, 1999): 
1. Physical conditions 
These are the physical parameters of an environment. They include an 
indoor temperature, lighting level, indoor air quality and sound levels. 
2. Space 
Nature and efficiency of the space designed for indoor workplace also 
affect the productivity and comfort of the occupants. It includes aspects 
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such as a representation of workflow in the office design using layout, 
privacy and a disturbance-free environment. 
3. Ergonomics 
Ergonomic factors like workstation design, control over a workstation and 
its furniture also contribute to improving the comfort and productivity of 
the occupants. 
Occupant comfort is a result of functional, environmental and personal 
health factors (physical and mental) (Leaman and Bordass, 1999, Clements-
Croome, 2006). Apart from physiological aspects, the behavioural 
environment also affects occupant comfort. Every space occupants share 
has its behavioural environment. Subjective elements, such as behavioural 
and social aspects of an indoor environment also influence occupant 
comfort (Haynes, 2007b, Fleming, 2004). These aspects include preferences 
on behaviour elements like interaction frequency, collaboration 
opportunities, privacy and distraction tolerance (Brenner and Cornell, 1994, 
Heerwagen et al., 2004, Haynes, 2007a). The behavioural environment of an 
office influences occupant behaviour and social norms. It is an integral part 
of an office (Haynes, 2007a). Haynes, (2008) proposed a framework that 
implied an occupant’s work pattern influences an office’s behavioural and 
physical environment. Both of these environments also affect office 
productivity. Haynes also suggested that from the layout of office space, 
comfort makes up the physical environment and social aspects such as 
interaction, privacy and collaboration constitute the behavioural 
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environment of the office (Haynes, 2008a, Haynes, 2008b, Haynes, 2007b, 
Haynes, 2007a).   
Comfort literature outlines its definition in a wide area, referring to various 
physical, social and personal aspects. The researcher acknowledges these 
influences on comfort and productivity from different areas of studies. 
However, this research’s scope is limited to a sole focus on the physical 
environment and its quality. 
The preliminary literature review outlined five physical factors that influence 
occupant productivity: 
 Thermal Comfort (Fanger, 1970, de Dear et al., 1997, Tanabe et al., 2007, 
Djongyang et al., 2010, Lan et al., 2011)  
 Indoor Air Quality and Ventilation (Indoor Air Comfort)  (Vernon and 
Bedford, 1926, Wargocki et al., 2000, Fanger, 1988, Fisk et al., 2012) 
 Visual Comfort/ Lighting and Daylighting (Visual Comfort) (Hopkinson et 
al., 1966, Alrubaih et al., 2013, L Edwards, 2000, Sivaji et al., 2013) 
 Noise and Acoustics (Acoustic Comfort) (Sundstrom et al., 1994, Banbury 
and Berry, 2005, Mui and Wong, 2006) 
 Office Layout (Brill et al., 1985, Laing et al., 1998, CABE, 2005, Haynes, 2009) 
Preliminary literature outlines that these five factors have a substantial effect 
on occupant comfort and productivity. Literature also suggests that there are 
interdependencies and interactions between them. A change in Lux levels 
(Light) might influence occupant thermal comfort (Candas and Dufour, 
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2005). Similarly, daylighting affect thermal comfort. Windows absorb solar 
heat and increase the indoor temperature (Lyons et al., 2000). Temperature 
and indoor air quality also have interactions. As an increase in temperature 
tends to lower the occupant’s perception of indoor air quality and vice-versa 
(De Dear and Brager, 2002), these interactions provide an opportunity to 
identify any more interactions and dependency. This research aims to identify 
more of these interactions (as stated in objective 4) by using response surface 
regression.  
2.3 Thermal Comfort 
Thermal comfort literature can be traced back to the early twentieth century 
(Dufton, 1929, Dufton, 1930). Early works highlight the initial steps towards 
understanding the effect of temperature of an indoor environment on 
human comfort and work (Winslow and Gagge, 1941, Gagge et al., 1941). 
(ASHRAE, 2004) defines comfort as the mental state of satisfaction with the 
thermal environment. It is a highly subjective state dependent on numerous 
physical, physiological and psychological factors (Lin and Deng, 2008), due 
to its dependence on highly independent and various categorical factors. 
These factors range from clothing, physical activity and seating, to location, 
posture and mental state (mood) (ASHRAE, 2005). Human factors that 
influence thermal comfort are age, gender, metabolism, local climate and 
geography (Quang et al., 2014, Cena and de Dear, 2001). Discomfort 
complaints calculate the thermal comfort of an indoor environment. Thus, 
thermal comfort is the cumulative response of occupants towards the 
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thermal state, created by different physical parameters. Attaining thermal 
comfort for all the occupants in a building becomes an elaborate attempt. 
Human response to thermal comfort is broadly described using three 
concepts; thermal sensation, thermal preference and thermal acceptability 
(Langevin et al., 2013). Thermal comfort and sensation are akin but differ in 
nature, i.e. thermal comfort is subjective, but the sensation is objective 
(Hensen, 1991). ASHRAE defines thermal sensation as an occupant’s sensory 
perception of the immediate environment. It has a magnitude and a 
direction, described in a seven-point scale ranging from -3 (cold) to +3 
(warm) (ASHRAE, 2010b). The literature outlines six primary factors that 
influence the thermal comfort of an occupant. These are air temperature, 
relative humidity, mean ambient temperature, clothing insulation and 
metabolic rate (Macpherson, 1973, Goldman, 1999, Berglund, 1977, 
Macpherson, 1962, Djongyang et al., 2010). Thermal preference of an 
occupant is the ideal thermal condition in an environment, whereas thermal 
acceptability is an occupant’s level of approval of the thermal environment 
(Langevin et al., 2015, Langevin et al., 2013). 
Regarding the measurement of thermal comfort, Fanger proposed a thermal 
comfort predictive model. It works on four physical parameters and two 
individual variables to define PMV (Predicted Mean Vote) (Lin and Deng, 
2008, Fanger, 1984, Fanger, 1970). These are: 
1. Air temperature 
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2. Air velocity  
3. Mean radiant temperature 
4. Relative humidity 
5. Clothing insulation 
6. Activity level  
PMV helps to calculate a predicted percentage of dissatisfied occupants 
(PPD). PPD is used to predict the likely percentage of people who would feel 
on the scale of +3 (too warm), +2 (warm), -3 (too cold), -2 (cold) (Olesen and 
Parsons, 2002). It is based on heat balance theory and thermoregulation 
physiology (Charles, 2003). One of the drawbacks of this method is that it 
needs a climatic chamber so that data can be collected in it. It limits its 
application in some real-world scenarios. 
De Dear, 2002, proposed another thermal comfort approach; it is based on 
the occupant’s acceptability of the thermal environment. It outlines that the 
occupant’s thermal acceptability of an environment affects occupant 
thermal comfort. It is highly dependent on human adaptation behaviour 
based on a physiological and psychological adaptation of the individual (De 
Dear and Brager, 1998, Brager and de Dear, 1998). This approach has been 
widely used in temperate climate conditions. 
There are various thermal comfort standards developed across the globe, 
based on the above research (ASHRAE, 2005, ASHRAE, 2004, ASHRAE 
Standard, 1992, De Dear and Brager, 2002). These standards have been 
developed on the model and studies based in North America and Northern 
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Europe (Ogbonna and Harris, 2008).  Also, they are applicable for uniform 
and static thermal conditions and do not count in various human-specific 
factors like age, local climatic conditions, gender, metabolic rates and 
thermal preferences and expectations (Han et al., 2007). Due to these 
limitations, there are hesitations and reluctance towards the global 
acknowledgement of discussing standards in the context of varied climatic 
conditions and a range of indoor actions in an office environment.  
Thermal comfort has a high influence on occupant productivity. Occupants 
that report complaints of thermal discomfort have reported low productivity 
(Roelofsen, 2015, Lan et al., 2011, Akimoto et al., 2010, Tarantini et al., 2017, 
Lipczynska et al., 2018). Research indicates that temperature is crucial for 
occupant productivity. An office environment has a range of purposes, such 
as reading, typing and learning activities. Temperature from 18°c to 30°c has 
observed a diverse response to occupant productivity. In an office 
environment, 21°c - 25°c is observed to be the optimum temperature range 
for comfort. If the temperature goes above 25°c, every 1°c reports a 2% drop 
in productivity till 30°c (Kekäläinen et al., 2010, Seppänen and Fisk, 2006, 
Seppanen et al., 2003). Research evidence also suggests that productivity 
may not lie in the centre of the comfort range. The optimum temperature for 
productivity for different office tasks vary within the thermal comfort range 
(Tanabe et al., 2007). For instance, creative tasks may have a comfortable 
temperature range (21°c - 25°c), but intensity and speed required in/for an 
office work may need marginally cold temperature for optimal productivity 
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(Fisk, 2000a, Fisk, 2000b).  It outlines that within the thermal comfort range, 
there are different micro range required to achieve maximum productivity. It 
emphasises the gap in the current practice of various design guidelines with 
a wide range of indoor parameters for occupant health. While an occupant 
comfort range is maintained, it is not necessary that occupants would be 
productive throughout the range of that temperature. There is a need to 
identify the productivity range within the comfort range of thermal comfort.  
Literature suggests that a task-based, locally thermal environment helps to 
improve productivity (Zheng et al., 2009). Providing table fans, a local air 
conditioning unit and ‘intelligent furniture’ that controls its temperature have 
helped to improve the local thermal environment and improve occupant 
comfort and productivity (Zhao et al., 2017, Shahzad et al., 2018, Sekhar et 
al., 2005). Productivity also increases when occupants are provided with 
control of their thermal environment (Akimoto et al., 2010, Seppänen and Fisk, 
2006). The sense of control improves the perception of their thermal 
environment. Thermal conditioning based on tasks has also reported 
improving the productivity of occupants (Akimoto et al., 2010, Seppanen et 
al., 2006, Zhang et al., 2010). 
2.3.1 Discussion 
The literature review above has outlined the background theories, significant 
factors affecting thermal comfort and the effect of thermal comfort on 
productivity and its complexity. The thermal comfort literature review can be 
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traced for more than five decades (Macpherson, 1962). Thermal comfort can 
be divided into two aspects. The first aspect comprises of evident elements 
that define the thermal state of the environment. These elements include 
factors like temperature, relative humidity and air temperature. The second 
aspect includes the implicit human elements such as human perception, 
preference and their acceptance of the thermal state. These elements are a 
response to the thermal state. Based on literature and resource availability, 
this research would measure ambient temperature and relative humidity in 
the experiment. The first aspect influences the second aspect and its 
elements. The second aspect is subjective and depends on independent 
factors like age, metabolic rate, gender, and activity and clothing pattern. 
Literature also outlined two thermal comfort approaches. The first is a 
Fanger’s model of rational approach and the second is De Dear’s adaptive 
approach. The Fanger’s model is specific in a thermal state but does not fully 
appreciate the second aspect’s elements, such as human perception and 
acceptance. An adaptive approach is completely based on the second 
aspect of thermal comfort.  The literature also outlines the various standards 
and guidelines on thermal comfort. These standards are a reasonable 
foundation for designing a building’s heating, ventilation and air conditioning 
system.  
The primary drivers of designing the thermal environment of a building should 
be based on its contextual climate conditions, the building’s layout and 
orientation, material and occupant behaviour. 
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Field studies reviewed have also outlined that using an occupant survey, 
along with measurements of physical parameters of indoor environmental 
quality, is an effective method to measure a building’s performance with 
regards to occupant comfort and productivity. Literature has also outlined 
those independent factors such as age, gender and activity pattern that 
influence thermal comfort. This research study uses the occupant survey to 
collect occupant response and sensors for physical measurement of 
temperature and relative humidity (Table 2.1).  
Thermal Comfort 
Measurable 
parameters 
Instrument Occupant Survey 
Ambient 
temperature 
Sensor Sex 
Occupant Response 
 Too cold 
 Cold 
 Satisfactory/neutral 
 Hot 
 Too hot 
Relative humidity Sensor Age 
Table 2.1Thermal comfort – Parameters and Instrument 
2.4 Indoor Air Quality and Ventilation (Indoor Air Comfort) 
The quality of air in an indoor environment influences the indoor air comfort of 
occupants. Higher quality of indoor air leads to greater comfort and 
productivity (Ng et al., 2012, Fanger, 2000, Langer et al., 2016, Langer and 
Bekö, 2013, Wolkoff, 2018). Low air quality in existing buildings has reported, 
generating higher occupant dissatisfaction rate and various health issues in 
occupants (Bluyssen, 2014, Bluyssen, 2004, Bluyssen et al., 1996, Fisk et al., 
2012, Fisk et al., 1993). More significant health issues reported are asthma, 
allergy symptoms and Sick Building Syndrome (SBS) (Wargocki, 2000, Jones, 
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1999, Silva et al., 2017). SBS is a significant problem in current building stock 
with poor air quality. Its symptoms are reported to be itchy, dry eyes as well as 
nose discomfort/irritation. Other symptoms are respiratory problems (primarily 
irritation), headache and mental fatigue (Hodgson, 2000). Indoor air quality 
depends on some of the independent physical parameters like contaminants 
in the air, humidity and temperature. These parameters depend on external 
climatic conditions, building material composition, air-conditioning system, 
internal layout design, heat and pollutant venting by machines or human 
actions. Complexity increases due to several interactions and deviations in 
these interdependent factors (Szczurek et al., 2015). The interaction between 
heat producing machines like high powered computers and bad internal 
layout design can lead to lower thermal comfort (Baker and Steemers, 2003).  
Indoor air quality is maintained by changing the indoor air through the 
ventilation systems. It helps to reduce the air pollutants in the air and 
increases it's quality and occupant comfort. Carbon dioxide is the primary 
source of air pollutants in indoor air. It is measured in PPM (Particles Per Million) 
and removed using ventilation (Seppänen et al., 1999). Ventilation rate is one 
of the critical factors that affect indoor air quality, comfort and productivity. 
A higher ventilation rate leads to higher indoor air comfort and productivity, 
while a lower rate leads to SBS symptoms and reduces productivity (Ezzeldin 
and Rees, 2013, Frontczak et al., 2012, Frontczak and Wargocki, 2011, 
Wargocki, 2000). Research suggests that financial gains by increasing 
occupant comfort and productivity is several times more than the yearly 
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expenditure of HVAC (Heating Ventilation Air-Conditioning) at a higher 
ventilation rate. In the U.S, if the ventilation rate in offices increases from 8 to 
10l/s per person, 13 billion dollars yearly would be gained by higher levels of 
productivity and less health problem (Fisk et al., 2012).  It is also 
recommended to use, efficient HVAC systems to reduce the environmental 
impact of higher ventilation rate. 
There are three types of ventilation systems used in buildings, i.e. 
mechanically-ventilated buildings, naturally ventilated buildings and 
hybrid/mixed-ventilation system. Hybrid/mixed mode ventilation system uses 
both mechanical and natural ventilation process to ventilate the buildings. 
Research suggests that mixed/hybrid mode systems have higher air quality, 
which leads to higher comfort and productivity (Ezzeldin and Rees, 2013, Gou 
et al., 2014, De Vecchi et al., 2017). Despite these studies, ventilation mode 
should be selected by considering building typology, local climate and 
expected occupancy rate and impressions (Kim and de Dear, 2012). 
Apart from carbon dioxide, chemical and Microbiological Volatile Organic 
Compounds (VOCs/MVOCs) affect indoor air quality and comfort. High levels 
of VOC are associated with bad odour and irritant characteristics with low-
level toxic properties (Panagiotaras et al., 2013, Wolkoff, 2013). There are 
several industry guidelines on indoor air quality standards that underline the 
recommended level of contaminants in the air to maintain a healthy indoor 
environment (WHO, 2006, ASHRAE Standard, 1989). VOC has both chemical 
and physical properties that make it complicated to design measures and 
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suggest values for analysis (Teichman et al., 2015). Fanger proposed Decipol 
and Olf measure contaminants and their sources (Fanger, 1988). The emission 
rate of air pollution is Olf, which is based on the emission rate of one 
occupant. Decipol is based on the rate of pollution by one occupant while 
ventilation operates at 10l/s of fresh air. It is used to exhibit air quality 
(Kosonen and Tan, 2004, Fanger, 1988). High level of VOC in the air is 
associated with new furniture, paints and specific materials (Association, 
2011). Hence, the new buildings are found to have higher levels of VOC. 
2.4.1 Discussion 
The literature review of indoor air quality can be summarised in three threads. 
The first thread focuses on the constituents on indoor air, outlining the effect 
of carbon dioxide, air temperature and contaminants on the quality of air. 
Main components that can be used to improve air quality are carbon 
dioxide and VOC. The second thread focuses on improving air quality using 
ventilation. It presents the research trends on ventilation from the early 
twentieth century (Vernon and Bedford, 1930). Ventilation research 
progressed towards defining standards for building ventilation (ASHRAE 
Standard, 1989) and identifying the ventilation requirement of different types 
of buildings and indoor activities within a building (Fisk et al., 2012, Zhang et 
al., 2010).  Third thread focuses on the effect of air quality on occupant 
health and productivity. Occupant’s health is the primary motivation for 
indoor air research.  Several health problems related to Building Related 
Illness (BRI), Sick Building Syndrome (SBS), and Occupational Asthma (OA) 
49 | P a g e  
 
were documented in the late twentieth century (Jones, 1999, Wargocki, 
2000).  
All of the threads are highly interrelated and need to be inferred in order to 
create a comprehensive understanding of indoor air quality and its effect on 
occupant health and productivity.   
This research focuses on measuring carbon dioxide, VOC, and collecting the 
occupant response in the experiment (Table - 2.2). 
 
Indoor Air Quality 
Measurable 
parameters 
Instrument Occupant Survey 
Carbon Dioxide Sensor 
Occupants’ response to 
the indoor air quality 
Indoor pollutant level 
(Volatile Organic 
Compound) 
Sensor 
Table - 2.2 - Indoor Air Quality - Parameters and Instrument 
2.5 Lighting and Daylighting (Visual Comfort) 
Visual comfort also influences occupant comfort and satisfaction within an 
indoor environment (Frontczak and Wargocki, 2011). Visual comfort depends 
on the nature and level of lighting - both daylight and artificial light. Daylight 
influences our biological clock. It is set for millions of years based on the sun’s 
movement (sunrise and sunset). It controls our physiology and productivity 
(Aries, 2005). Daylight is advised to be the best source of light with excellent 
colour for human health and comfort. It has a positive influence on occupant 
mood, performance and mental attitude (Li and Lam, 2001, Schaffner et al., 
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2018, Beute and de Kort, 2018). As office employee spends most of their time 
indoors (Bernstein et al., 2008), office environments depend greatly on 
artificial lighting, due to numerous circumstances like building design, 
orientation, and availability of sunlight, due to clouds or windows. Due to this 
dependency on artificial lighting, buildings worldwide use about 40% of the 
world’s annual usage (Omer, 2008). In the UK, research suggests that lighting 
has the most significant share (33%) in total average utilisation (CIBSE, 2015) 
(See Figure 2.1). In the US (2002 data), around US$40 billion per year is spent 
on electricity for lighting. About one-third of this expenditure is spent on 
lighting consumption by American workers, taking US$5.3 trillion in salaries and 
producing goods and services worth US$9.2 trillion (Steffy, 2002). Indoor 
lighting has a one-third share in global office electricity consumption. These 
facts make it is one of the significant contributors to global carbon emissions 
(Busch et al., 1993). 
 
Figure 2.1 - Electricity usage (UK) (CIBSE, 2015) 
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Research suggests that companies gain long-term profit by higher occupant 
productivity and lower electricity cost by investing in daylight inclusivity in the 
workplace design (Fay et al., 2002, Yang and Nam, 2010, Lim et al., 2017). 
Daylight inclusion in workplace design has led to an increase in attendance 
and a decrease in occupant complaints in offices (Romm and Browning, 
1994).  Humans prefer natural light when compared to artificial light (Elzeyadi, 
2011, Kong et al., 2018). Preference can be divided into three categories; 
psychological, physiological and physical. Artificial lighting covers a wide 
range of the colour spectrum that covers the range of sunlight and daylight. 
The main reasons are psychological and physiological factors. Human 
performance is highly dependent on parameters such as luminance contrast, 
retinal illumination, retinal image quality and visual size (Boyce et al., 2003). 
The visual and circadian system is influenced by natural light (Rea et al., 
2002). It also influences melatonin hormone, which regulates the body’s clock 
that helps to maintain the sleep and alertness pattern in the body. It 
contributes in maintaining alertness and focus during office hours (Nagy et 
al., 1995). Both daylight and natural light refer to the light provided by direct 
or indirect presence due to sunlight. 
There are many ways to incorporate daylighting into workplace design. One 
of the widely used is to incorporate windows to maximise daylight in the 
workspace. Occupants also prefer workplaces with windows and report that 
they help in improving the productivity of office tasks (Cuttle, 1983, Lottrup et 
al., 2015, Haans, 2014). Outside views of surrounding green areas and nature 
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also lead to a positive impact on occupant productivity (Bright, 2012, Grinde 
and Patil, 2009, Heerwagen, 2003). There is evidence of occupants’ 
preference for natural light and windows. However, various factors need to 
be accounted for, while designing windows for a workplace. Excessive 
daylight or other light causes ‘glare’. It leads to strain in the eye and 
temporarily reduces the visual capability of the subject (human) 
experiencing it (Słomiński and Krupiński, 2018). These factors include outdoor 
lighting levels, required indoor lighting levels, outside sky illuminance and 
position of the sun (Ne'Eman, 1970, Mansfield, 2018). Occupant surveys also 
indicate that universally, they prefer to have access to sunlight; desired size 
and locations of the windows may vary depending on the light requirement, 
size, layout and position of the desk (Butler and Biner, 1989, Wotton, 1982). In 
high-rise buildings, providing large windows on the south side  (low sun path) 
leads to higher usage of blinds,  compared to the north side of the building 
(Rubin et al., 1978). In summary, occupants prefer daylight at the workplace; 
however, window size and location should be determined based on various 
factors like lighting requirement of the space, layout and orientation of the 
building, its location and availability of daylight. 
Daylighting design is a method to incorporate daylight into the lighting 
design of a space. It looked at the daylight availability and required levels of 
light using different elements, such as a window, skylight and reflector glasses 
(Guzowski, 2000, Manning, 2006, Farkas, 1985, Kittler et al., 1992). Illuminance 
from natural sources is calculated by the Daylight Factor (DF). This represents 
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the percentage of daylight in the overall lighting of the space (measured at 
overcast conditions), which is based on  three factors; Sky Component (SC), 
External Reflected Component (ERC) and Internal Reflected Component 
(IRC) (Wong, 2017, Hopkinson et al., 1966, Fontoynont, 2014). The literature 
recommends 1.5-2.5% DF for regular tasks like filling work, general reading 
and meetings. Tasks that require reading, writing and machine work for long 
hours need 2.5% - 4% DF. Mentally straining, challenging tasks that require 
high focus and attention to detail, such as, draughting, fine hand or machine 
work, writing reports and document inspection need 4% - 8% DF (Stein et al., 
1992, Reinhart et al., 2006). These percentages represent the preferred factor 
of daylight in the overall illuminance (Lux) of the space. Designers need to be 
mindful while designing the overall illuminance of the space. A higher level of 
illuminance levels leads to glare that results in visual discomfort. 
Similarly, lower illuminance levels also lead to melatonin hormone secretion 
that affects alertness, performance and visual discomfort. Illuminance is the 
total light’s incidence on a surface, measured as Lux (lx) (DiLaura et al., 2011, 
Hopkinson, 1963). Visual discomfort leads to lower productivity and well-being 
(Van Den Wymelenberg and Inanici, 2014, Kong et al., 2018). Maintaining 
conducive illuminance levels for healthy and productive workspace is 
necessary. Different types of tasks require different illuminance levels. For 
regular office work such as file work, general reading and meetings, the 
minimum required is 100 Lux, while the recommended average is 200 Lux. For 
office work that requires some detail work such as report writing and reading, 
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200 - 300 Lux range is recommended. For detailed work for the long duration 
of time, such as draughting, fine hand or machine work, the recommended 
range is 200-500 Lux (Rea, 2000).  
Based on the above literature review, we can conclude that the lighting 
design of a workplace should use both indoor (artificial) lighting and daylight 
to create a conducive lighting environment for the occupants. It should look 
at contextual factors such as: 
1. Light requirements based on tasks and working hours 
2. Location, orientation and height of the workplace  
3. Occupant requirement and preference 
4. Availability of daylight 
Along with the above factors, designers should aim to reduce the lighting 
energy consumption by using various daylighting strategies (Chang and 
Mahdavi, 2002, Doulos et al., 2005). Managing light systems by using different 
light sensors and relays can help to reduce electricity consumption. This 
system can be used in two ways: 
 Maximising daylight usage: A building’s electricity usage can be 
reduced by using operational façade elements to use daylight in the 
building efficiently. It involves the use of sensors to automatically open 
and close the façade elements by measuring and sensing the outdoor 
illuminance concerning required indoor illuminance.  
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 Reducing artificial light usage: Building’s electricity usage can be 
reduced by using various movement/occupancy sensors to switch off 
when occupants leave the building. 
2.5.1 Discussion 
The literature review of lighting and daylighting has outlined the 
fundamentals of lighting, its importance in improving occupant productivity 
and ideal range based on industry standards. It also outlined various ways to 
incorporate daylighting into the lighting design of a workspace.  
The lighting of a workplace should be designed using several factors. These 
include lighting, colour and contrast levels that are comfortable for the 
human eye. Lighting design should also consider the specific lux level 
requirements for different types of tasks. A combination of lighting system 
should be designed that uses both artificial and daylighting to create a 
sustainable and efficient approach that provides a conducive lighting 
environment to improve occupant comfort and productivity.  
This research focuses on measuring illuminance levels (Lux), daylight access 
and their influence on occupant comfort and productivity (Table -  2.3). 
Lighting and Daylighting 
Measurable 
parameters 
Instrument Occupant Survey 
Illuminance level 
(Ambient) 
Lighting Sensor Occupants’ response 
to indoor lighting  
Daylight access Location of the 
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occupant 
 Exterior wall 
 Interior wall 
 Exterior window 
 Interior window 
Table -  2.3  - Lighting and Daylighting - Parameters and Instrument 
2.6 Noise and Acoustic (Acoustic Comfort) 
Hearing ability is an essential human sense. It has been a part of human’s 
survival kit for generations. It is hard-wired to the brain to produce a quick 
response. In the case of unwanted sound or noise, the body has 
psychological responses like annoyance, irritation and anger (Berglund et al., 
1996, Stansfeld and Matheson, 2003). Sound is measured in decibels (dB), 
sound pressure levels (SWL) and sound power levels (SPL). High noise and its 
psychological and physiological consequences have been highlighted by 
several research works (Lee and Fleming, 2002, Ising and Kruppa, 2004, 
Shapiro and Suter, 1991, Smith et al., 2017). Adverse effects of noise lead to 
hearing impairment sleep disturbances, cardiovascular disturbances, mental 
disorders, impaired task performance and negative social behaviour 
(Gunderson et al., 1997, Evans and Lepore, 1993, Korte and Grant, 1980, Fuks 
et al., 2017, Bronzaft, 2000, Palmer, 2018). These problems, combined with 
environmental requirements of a workplace, demand that acoustic design is 
highly significant in the workplace. Occupants require a comfortable 
acoustic environment to work efficiently. Acoustic discomfort in the office 
environment can lead to lower productivity and higher chances of 
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detrimental effects on the psychology and physiology of occupants 
(Sundstrom et al., 1994, Vischer, 2007, Chang et al., 2003, Eriksson et al., 2018, 
Neitzel et al., 2018). Workspaces have two types of sources - internal sound 
source and external sound source. Internal sound sources include office 
equipment and occupant noise (conversation). External sounds can vary 
from traffic (road, rail, air), construction and public events (Banbury and 
Berry, 2005, Ayr et al., 2003, Fuks et al., 2017, Bielefeld, 2018). Both external 
and internal noises have a detrimental effect on occupant performance. 
Studies suggest that constant external noises from transport and construction 
induce stress and blood pressure problems (Passchier-Vermeer and Passchier, 
2000, Bluyssen et al., 2011). 
Similarly, internal noise such as air conditioners, fax machines, printer and 
telephone sounds leads to irritation and annoyance; a continuous state of 
annoyance leads to stress and high blood pressure problems (Ayr et al., 
2003). In a research experiment, occupants were exposed to various 
background noises. Results outlined that occupants responded with a drop in 
performance by 65% in ‘memory for prose’ tasks, and 99% participated 
people responded that background noise (office noise) impaired their focus 
(Banbury and Berry, 2005). Overall comfort and productivity are an outcome 
of achieving various types of comfort. For instance, an occupant cannot be 
comfortable if he/she is thermally comfortable, but there are different types 
of background noises in the environment. Research suggests that acoustic 
sensation has a similar effect as thermal sensation. Variation in 2.6 dB of 
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sound and the 1ºc temperature has a similar effect on productivity (Pellerin 
and Candas, 2004). So, indoor environment quality parameters have a 
combined effect on occupant productivity.  
Building envelope material can be used for keeping external noise in control. 
The internal arrangement, wall material and office layout can be used to 
manage internal noise in a workplace environment. Open plan design has 
been associated with low motivation and fatigue in employees (Jahncke 
and Halin, 2012). As open-plan offices do not provide any barrier between 
meeting areas/ conversation areas and work areas, employees have 
reported privacy and disturbances due to various office noises such as 
conversation, telephones and printers (Toftum et al., 2012). Sound masking is 
one of the strategies used to reduce the variation in sound levels, due to 
internal noises. It involves maintaining an essential background sound using 
office speakers that work around the level of typical air-conditioned offices 
(45dB – 60 dB). It helps to reduce the acoustical spike in the environment and 
mask regular conversations to provide a smoother acoustic experience (Mui 
and Wong, 2006). White noise is used to maintain the basic sound levels in the 
office. 
The minimum unoccupied sound level of an open plan area is 45dB and 
cellular/private offices are 40dB. The standards recommend maintaining a 
40-50dB sound level in the workplace environment (Field, 2008). Internal noise 
can be controlled by the following: 
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1. Sound masking (discussed above). 
2. Reducing the noise from sources like printers, air conditioning units, etc.  
3. Dividing the areas based on expected sound levels and space 
requirements. 
4. Using sound absorbent materials in the higher sound-producing areas 
like a printer room, café, meeting rooms and social areas. 
5. Soundproofing the sound sensitive areas that require certain sound 
levels to be maintained. However, any sound producing source should 
be kept out of this area. 
2.6.1 Discussion 
The above literature review has outlined the importance of sound levels in 
occupant comfort and productivity. The sound comfort of an occupant 
depends on the internal and external sounds. Managing internal and 
external sound using various strategies can help to contribute to improving 
occupant comfort and productivity. For internal noise, the acoustic design 
should incorporate the nature of tasks in the office and divide the areas 
based on the expected level of noise. Use of noise absorption material in 
noisy areas and soundproofing for low noise areas can be used to improve 
the acoustic environment of a workplace.  
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This research measures sound levels (dB) and occupant response in a 
longitudinal experiment to determine the effect of sound levels on occupant 
comfort and productivity (Table - 2.4).  
Noise and Acoustics 
Measurable 
parameters 
Instrument Occupant Survey 
Indoor sound level Decibel sensor 
Occupants’ response to 
the noise level in the 
office 
Table - 2.4 Noise and Acoustics - Parameters and Instrument 
2.7 Office Layout 
As highlighted in the previous section, the office layout plays a vital role in the 
acoustic design of the workplace. It also influences overall occupant 
comfort, and productivity in several ways. The office layout is responsible for 
creating the seating design that defines the working pattern of employees, 
their proximity to each other, social/interaction opportunities (areas) and 
privacy (Haynes, 2008b, Lee, 2010). Physical environment (layout, 
appearance) of a workplace influences employee satisfaction. It affects an 
organisation’s retention, recruitment, and productivity (Wheeler and 
Almeida, 2006). This literature outlines two types of office layout; open plan 
and cellular offices (Haynes, 2008b). There are sub-versions of these offices: 
 Open plan  
o Shared open plan space 
 Cellular 
o Individual room 
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o Shared room 
o Cubicle 
In order to understand the organisation’s work processes, the pattern is 
crucial when designing an office layout. Research indicates that the office 
layout designed without considering the organisation’s work process has led 
to a loss in organisational productivity (Laing et al., 1998). Different offices 
have different work processes based on organisational structure, sector and 
corporate strategy. There are four types of office layout structuring (Laing et 
al., 1998).  
 Cell - It is used by organisations that have a majority of individual work 
that doesn’t require any interaction.  
 Den - It is used by organisations which require a high level of group 
work and a low level of individual tasks.  
 Hive - It is used by organisations that require both cellular and open 
plan offices due to similar requirements for team-based and individual 
tasks. 
 Club – It is similar to the Hive. However, the club uses cellular offices 
along with hot desking facilities. It provides a balance between private 
spaces and group spaces. Organisations that have irregular occupant 
patterns use this type of office layout.  
These office layout structures present a wide variety of options for different 
types of organisations. A range of studies has indicated that, when 
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compared to a cellular office, open plan offices are associated with lower 
productivity and higher complaints (Lee, 2010, Jahncke and Halin, 2012, 
Toftum et al., 2012, Kim and de Dear, 2013, Shahzad et al., 2016, De Been and 
Beijer, 2014, Otterbring et al., 2018, Borin and Monteiro, 2018).  
The central point of designing an office layout is to identify different types of 
tasks in the office environment and identifying features that will help to 
improve the organisation’s workflow and productivity (Stone, 2001). Office 
layout can be used to create flexible design components that provide 
privacy and distraction-free spaces along with interactive and social spaces. 
An organisation needs both types of space. The absence of interaction and 
the presence of distraction have a negative impact on occupant 
productivity (Haynes, 2007a). The office layout influences the non-physical 
aspects of an organisation’s operations. Interactive and informal spaces 
shape the culture of the organisation; while the design features and artefacts 
have a different effect depending on the task. Vibrant colours and highly 
interactive spaces improve creativity and knowledge sharing in an 
organisation  (Kallio et al., 2015).  
These micro design aspects can be investigated for comparison between 
different types of organisation, their task types and their culture.  However, 
this research would focus on the broader effect on office layout on 
productivity.  
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2.7.1 Discussion 
The literature review on office layout has highlighted that different types can 
influence occupant productivity and office efficiency. It also highlights that 
open-plan offices have a negative influence on occupant comfort and 
productivity. The cellular room (individual, shared room) is associated with 
higher comfort and productivity. While designing an office, the layout should 
be designed based on several factors. These include office work processes, 
tasks, sound level requirements and privacy and interaction requirement of 
the occupants. This research will investigate the effect of office layout (open 
plan and cellular) on occupant comfort and productivity (Table 2.5). 
Office Layout 
Analysis Occupant Survey 
Office layout 
a. Individual room 
b. Shared room 
c. Cubicle 
d. Open plan 
e. Shared open plan space 
Occupants’ response to office 
layout 
Table 2.5 - Office Layout - Parameters and Instrument 
2.8 Qatar Context  
The research in this study took place in Doha, Qatar. Qatar is part of the GCC 
(Gulf Cooperation Council) group of countries. There are six GCC countries. 
These are Bahrain, Kuwait, Oman, Qatar, Saudi Arabia and the United Arab 
Emirates. Their economies have experienced a 50% increase in the last three 
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decades (Bank, 2014). It includes an increase in Foreign Direct Investment 
(FDI) and exports (Almfraji et al., 2014). There is an increase in multinational 
companies becoming established and investing in these countries. All of the 
GCC countries have been racing to modernise their cities and nations, with 
Doha being one of the top destinations for FDI (Foreign Direct Investment) 
and international companies’ investment. The majority of commercial 
activities in Qatar are concentrated in Doha. Historically, Doha was a fishing 
town and has experienced modernisation since the 1970s. However, the 
major push in the modernisation came in the late 1990s after the discovery of 
major gas reserves in Qatar (Economides and Wood, 2009). Since this 
discovery, Qatar has seen a consistent rise in economic growth. It has also led 
to major commercial and residential development in Doha. The 2006 Asian 
games in Doha has resulted in about 180 towers in Doha’s West Bay by 2009. 
In 2010, an additional 500,000 m2 was required in Doha and led to further 
development (Mahgoub and Abbara, 2012). It indicates that significant 
sports events lead to building and infrastructure development at the city and 
national level.  
Qatar is preparing for the FIFA World cup 2022. This preparation is worth US$20 
Billion investment in transport infrastructure, stadiums, commercial and 
residential development (Millward, 2017). Hosting mega sports event like 
world cup leads to boost in tourism, national sporting interest, sociocultural 
and infrastructural and global exposure and interest (Fredline et al., 2003, Lee 
et al., 2005, Rogerson, 2009, Al-Emadi et al., 2017). Hosting such events also 
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produce a boost in international interest from multinational companies to 
invest and develop business (Karadakis and Kaplanidou, 2012, Deccio and 
Baloglu, 2002, Jones, 2001). It has led to significant development in 
commercial buildings. While the stock of commercial buildings and 
occupants is increasing, there is a need to focus on the comfort and 
productivity of these occupants. Qatar has GSAS (Global Sustainability 
Assessment System) building rating system. Similar to other green building 
rating system, it primarily focuses on occupant comfort and energy efficiency 
of the building (GSAS/QSAS, 2012). It does not focus on occupant 
productivity in commercial buildings. There is a gap in knowledge and focus.  
The local weather also motivates investigating the effect of indoor 
environment quality on occupant comfort and productivity. People usually 
spend 95% of the day indoors (home, office, public buildings) (Klepeis et al., 
2001). This figure reaches 98% in summer due to temperature reaching up to 
50 °c (Saraga et al., 2017). Extreme weather conditions in Doha have also led 
to the newly built environment to be tightly sealed and air-conditioned 
buildings with a glass envelope. Residents are spending almost all time 
indoors in a sealed environment that has a significant impact on their 
comfort, health and productivity. There are few studies on the indoor air 
quality in the middle east region in the area of residential and educational 
buildings (Jaffal et al., 1997, Jaradat et al., 2004, Yassin et al., 2012, Yeatts et 
al., 2012). These studies indicate the importance of indoor air quality in the 
desert climate and its impact on occupant health and comfort. Multiple 
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studies on thermal comfort, visual comfort and acoustic comfort in a range of 
building types in the Middle East region indicate that they have impact on 
occupant health and comfort (Indraganti and Boussaa, 2018, Attia and 
Carlucci, 2015, Alzubaidi et al., 2013, Sehar et al., 2017, Al Touma and 
Ouahrani, 2018, Indraganti and Boussaa, 2017, Salama and Courtney, 2013). 
Doha is also one of the few cities in the world with people coming from a 
range of countries. Doha is one of the top cities with diverse residents and 
workforce (Salama, 2013). As discussed before, gender, ethnicity, age 
influences the individual’s comfort level (Roelofsen, 2002, Brager and Baker, 
2009, Kim et al., 2013). So, the diverse population also provides an excellent 
opportunity to investigate the effect of indoor environment quality on 
occupant comfort with a sample of diverse ethnicity.  
To conclude, the high level of commercial development, harsh climatic 
condition and diverse resident and workforce provides a unique opportunity 
to investigate the impact of indoor environment quality on occupant 
productivity.  It will help to achieve results that can be used in other major 
cities with a diverse population in the Middle-east region.  
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2.9 Summary of the Chapter 
This chapter has presented the literature reviewed to understand the different 
IEQ factors and their parameters (Table 2.6). It also explains the theoretical 
background of each factor, its effect on occupant comfort and productivity. 
Each section also highlights the parameter/s to be investigated under each 
IEQ factor. Below is the table of parameters listed against each type of IEQ 
factors and associated comfort (Table 2.8). 
IEQ factor IEQ parameter 
Thermal comfort 
Temperature  
(Indoor, Outdoor) 
Relative Humidity  
(Indoor, Outdoor) 
Indoor Air Quality  
(Indoor Air Comfort) 
Carbon Dioxide 
VOC (Volatile Organic 
Compound) 
Lighting and 
Daylighting 
(Visual Comfort) 
Lux levels 
Noise and Acoustics 
(Acoustic Comfort) 
dB levels 
Office Layout Open Plan or Cellular 
Table 2.6 IEQ Factors and their parameters 
The next chapter presents the research methodology of the current research, 
outlining the research approach, philosophy and strategies used in the 
current study. 
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3 Research Methodology 
The gap in the knowledge of indoor environmental quality and occupant 
productivity outlining the factors that affect occupant productivity has been 
identified. This chapter will now outline the next step of this research. It will 
help to develop an appropriate research methodology for this study. 
Research design should help to achieve the set aim and objectives of this 
study. Hence, this chapter would look into various research tools and 
methods that would help to achieve the desired results. It examines research 
design, tools and technology used in the research area of indoor 
environmental quality. There are ten sections in this chapter. The first section 
introduces the research methodology approach selected for the current 
research study. The second part presents the research philosophy, 
highlighting the Ontology, Epistemology and Axiology stance of the research 
study. The third part describes the research approach of the study, explaining 
the deductive and inductive approach chosen by the researcher. The fourth 
section discusses various research strategies that can be used in a research 
study. It describes a post-occupancy evaluation strategy and its 
implementation. The fifth section presents the research choice of the 
quantitative and qualitative method of research; the sixth section outlines the 
time horizon of the study. The following section describes the research phases 
in the study. It also discusses various activities undertaken in each phase. The 
ninth section presents the risk mitigation strategy of the study. 
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3.1 Introduction 
The research methodology is a method to solve a research problem 
systematically. It lays down the structure and procedure for the research 
process and provides a path from research aim to the results and findings. 
The research design of a study helps to focus on research questions and 
problems by using appropriate research tools and strategies. Choosing an 
appropriate research methodology is critical in achieving reliable and robust 
results and findings (Yin, 2017).  This research study refers to “research onion” 
research methodology model (Figure 3.2). It represents an overall 
methodology as several onion layers in dimensions such as research 
philosophies, approaches, strategies, choices, and time horizons, and 
techniques (Saunders et al., 2011). All of these layers need to be addressed or 
“peeled away” to solve the research problem.  Appropriate methodology 
selection is essential to achieve a concise and reliable result. It is worth noting 
that research methodology selection requires an understanding of research 
philosophy. 
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Figure -  3.1 - Research Onion (Saunders et al., 2019)) 
3.2 Research Philosophy 
Research philosophy outlines the development and the nature of knowledge. 
It helps to establish a global view to inform the overall methodology and 
research process of the study (Corbin et al., 2014). It highlights how the 
researcher views the world and reality (Saunders et al., 2011). Research 
Philosophy has three significant ways of thinking; Ontology, Epistemology and 
Axiology (Sexton, 2003).  
Epistemology deals with general assumptions about how we acquire and 
accept knowledge about the world. It is represented by positivism, critical 
realism,  Interpretivism, Postmodernism and Pragmatism (Saunders et al., 2011, 
Saunders et al., 2019). Positivism is a search for cause-effect relationships by 
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the rational approach. It involves observation of neutrally and objectively. It 
uses large samples of quantitative data and statistical testing. Critical realism 
follows epistemological relativism. It emphasises on historically situated facts 
and social constructs and uses them as a causal explanation. Critical realists 
see reality as external and independent, but not directly accessible through 
observation and knowledge (Reed, 2005). Interpretivism is a search for 
explanations of human actions (Sexton, 2003). It focuses on researching 
individuals, rather than objects. It adopts an empathic stance to understand 
the social world and give meaning to their point of view. The data collection 
and analysis involves qualitative data and in-depth investigations with small 
samples. Postmodernism is based on identifying truth and knowledge using 
dominant ideologies in particular context. It believes that there is absolute 
‘truth’ and ‘right’, but they are decided collectively based on the social 
ideologies (Foucault, 2018). Pragmatism philosophy uses both objectivism 
and subjectivism. It postulates the use of fact and values, accurate and 
rigorous knowledge. The pragmatist approach to reality is that it is a practical 
effect of ideas and knowledge (Kelemen and Rumens, 2008).  
This research study aims to investigate the effect of indoor environment 
quality factors on occupant productivity. It involves analysing the ideal range 
of various indoor environmental conditions such as temperature, light and 
sound levels. The study requires data collection of indoor environmental 
quality factors, followed by statistical analysis of the collected data. It 
investigates the cause-effect relationship between indoor environmental 
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quality and occupant’s comfort and productivity. It can be stated that this 
study would take a positivist stance.  
The ontology outlines what we make about the nature of reality. It consists of 
two main aspects; objectivism and subjectivism. Objectivism highlights a 
position where social entities exist in a reality that is external to the social 
actors concerned with their existence. Subjectivism states that the 
perceptions and actions of social actors handle the creation of social 
phenomena (Saunders et al., 2011). This research study deals with tangible, 
measurable parameters of indoor environment physical factors; thus, it deals 
with objective data, and it can be stated that this research takes objectivism 
position in ontological stance.  
Axiology studies the researcher’s judgement about value. It is the science of 
inquiry into human values. It concerns about researcher’s axiological skill to 
demonstrate “value-free” and “value-laden” attitude towards the research. 
Value-free research is value-free and objective, whereas value-biased 
research is value-laden and subjective (Sexton, 2003, Bazewicz, 2000). The 
researcher would be external to the experiment. The researcher believes that 
he would place himself as “value-free”.  
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3.3 Research Approaches 
Research approaches are of three types; inductive, abductive and 
deductive. Deductive reasoning approach works from general to specific. It 
is informally called a “top-down” approach. It usually starts with a theory 
about the topic of interest and is then narrowed down to the most specific 
hypothesis that can be tested. Furthermore, it is narrowed down into 
observations to address the hypothesis, which leads to hypothesis testing with 
accurate data; either confirmed or not. Abductive approach is based on 
incomplete or vague facts/puzzles, observations. It aims to best predict the 
result or hypothesis based on these incomplete observations. Inductive 
reasoning works in another way. It moves from specific observations to 
broader generalisations and theories. It is informally called as “bottom-up” 
approach, starting with precise observations and measures and progressing 
to identify patterns, formulating a tentative hypothesis. This hypothesis is 
explored to develop conclusions (Robson, 2002, Lewis et al., 2007). 
This research study aims to develop a model (set of equations) that seeks to 
define a statistical relationship between different IEQ factors and occupant 
productivity. The research study proposes to measure indoor environmental 
quality factors and capture occupant response to those indoor environment 
quality factors. The research study uses the response surface analysis to 
establish the patterns and relationships between different indoor 
environmental quality factors and occupant response. It starts with 
observations and measurements to identify the patterns and develop a 
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relationship model based on the experiment. Therefore, this research study 
will have an inductive research approach. 
3.4 Research Choice 
There are many research options available for a research study. Broadly, 
there are two types of method; quantitative and qualitative. A qualitative 
method is principally used in three scenarios. First, when there is a need to 
explore an issue or a specific subject area; Secondly, to investigate and 
understand an individual’s opinion and preferences to develop a theory and 
hypothesis. Thirdly, to develop theories based on an individual’s behavioural 
patterns and preferences (Creswell and Creswell, 2017). This method uses 
interviews and group studies to collect data (Lewis, 2015). Mono or multiple 
qualitative strategies can conduct research. Quantitative method is used to 
investigate existing principles, theories and pattern and test their reliability 
and level of precision (Yin, 2009) and is often used in hypothesis testing. Similar 
to the qualitative method, quantitative research can be conducted using 
both single and multi-research methods. Also, research design can be based 
on both quantitative and qualitative research design. This research follows 
positivist philosophy with an objective view to the reality. It is also value free 
and external to the experiment. It follows an inductive approach to create a 
hypothesis on the relationship between indoor environmental quality and 
occupant productivity. Based, on the above layers, this research study is 
going to use a quantitative method to define the IEQ and productivity 
relationship model in the research and development phase. 
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This research aims to establish the relationship between indoor environmental 
quality and occupant productivity using primary data. The nature of the 
study would be explanatory. 
3.5 Research Strategies 
There are various types of research strategies such as experiment, survey, 
action research, and grounded theory, archival research and case study 
(Lewis et al., 2007). The choice depends on the research questions(s) and 
objectives, existing knowledge, time and research resources and area of 
research. This study has taken the inductive approach along with 
quantitative research design. The data collection strategy would be 
influenced by choice of the research method. This research study would 
consist of primary data collection that enables to establish the correlation 
between indoor environmental quality and occupant’s comfort and 
productivity. It is necessary to briefly look at various research choices to 
choose the appropriate research strategy. 
3.5.1 Experimental Research 
Experimental research usually means to conduct a research process that 
examines the results of an experiment. The experiment can be based on a 
quantitative and qualitative method. It is often conducted in a controlled 
environment to ensure the accuracy of the result. The purpose of the 
experiment is to define the change or probability of change in the 
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dependent variable by the independent variable (Saunders et al., 2012, 
Hakim, 2012). 
3.5.2 Survey 
It is used for research studies that require the collection of opinion or statistics 
from people. It allows collecting quantitative data quickly on email, websites 
or electronic forms. It is highly applicable in identifying a particular 
relationship between variables and to produce models of these relationships. 
This method allows a streamlined data collection but also limits the depth of 
data collected. Hence, it is the most appropriate for quantitative analysis 
(Rossi et al., 2013). 
3.5.3 Archival Research  
It involves using records and documents as the principal source of data 
(secondary data) to investigate. It is usually applicable in defining patterns of 
people behaviour or day to day activity (Hakim, 2012). It involves the 
collection of secondary data. Hence it is not applicable in this research study. 
3.5.4 Case Study 
The case study method is used to study a case focused on a particular topic 
within a context (Yin, 2017). It helps to study and understand the why, how 
and what questions. It is highly applicable in the exploratory studies. It usually 
includes the interviews, observations and documentary analysis for the 
research study (Eisenhardt and Graebner, 2007). It is not applicable in this 
research study because of the nature of the research study. It involves 
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describing the relationship between different variables, and case study is not 
suitable for the required aim and objectives. 
3.5.5 Ethnography 
It is a method used to study in groups. It is primarily focused to gain insights 
about a topic of research/interest. It is used primarily in the exploratory 
research to create a better understanding of a problem and potential 
solutions and is primarily qualitative (Hammersley and Atkinson, 2007). This 
research study requires a quantitative approach and ethnography is not 
suitable for this study. 
3.5.6 Action Research 
Action research is an iterative process that enables to solve a problem using 
a collaborative and participative approach (Reason and Bradbury, 2001). It 
involves the researcher to be involved in the iterative process of planning, 
taking action, evaluating and diagnosing while being close to the research 
topic/topic of interest (Coghlan, 2019). It is repeated for three cycles to 
improve the solution of the presented problem. This research study defines 
the relationship pattern between indoor environmental quality and occupant 
productivity without disturbing or being part of the environment. Hence, 
action research is not an appropriate research strategy for this study. 
3.5.7 Grounded Theory 
Grounded theory is a methodological approach that uses different methods 
of inquiry and research process to attain the result. It was developed to 
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analyse, interpret the social constructs and actors to understand the 
experience in specific situations (Charmaz, 2006, Glaser and Strauss, 1967). It 
is used for the development of theoretical explanations of social interactions 
in a range of contexts. The process involves reorganisation of data, 
identifying relationships between different categories and then analyse the 
identified categories to develop theories(Reichertz, 2007). It involves intensive 
social theoretical analysis and its reflective. This research study involves the 
development of a relationship between indoor environmental quality and 
occupant productivity. It does not require a reflective process and analysis; 
hence it is not appropriate for this research study.   
Based on analysing different research choices, use of experiment with a 
survey would be the most appropriate research instrument for this research 
study. It requires a non-intrusive experiment by setting up sensors for 
collecting data on indoor environment quality parameters along with 
mapping occupant’s response to the indoor environment. The next section 
would outline the investigation and development of these research 
strategies.   
3.5.8 Experiment Design 
Based on the above analysis, this section aims to define the appropriate 
research strategy for the study.  
The literature review has listed several physical indoor environmental quality 
factors in the workplace that influence occupant productivity. Studies in the 
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area of indoor environment quality have used several data collection 
methods to map occupant discomfort and its effect on productivity, along 
with the physical parameters of indoor environmental factors. One of the 
methods is called Post Occupancy Evaluation (POE). It is used to identify any 
performance shortcomings in the building’s operation by collecting 
occupant response against physical parameter measurement. Data 
collected in this method is used to map several relationships and trends. It has 
been used to identify the correlation between occupant comfort and indoor 
environment quality parameters, building energy consumption and 
operational performance (Göçer et al., 2015, Preiser et al., 2015).  POE can 
be conducted by measuring the physical parameters of the environment, bill 
and building consumption metrics, and occupant response using surveys 
(Ozturk et al., 2012). This research study would use occupant response using 
an online survey and measurement of physical parameters of the indoor 
environment to define the relationship between IEQ and occupant 
productivity. 
3.5.8.1 Occupant Response (Subjective Evaluation) 
A wide range of research studies have used occupant response (survey, 
interviews) to examine any problem or performance shortcomings of a 
building (Hassanain, 2007, Deuble and de Dear, 2012, Preiser, 1995, Nicol and 
Roaf, 2005, Kong et al., 2018, Rasheed and Byrd, 2018). Surveys are used to 
collect data remotely by sending questionnaires using a paper-based 
method or email. They are used for quantitative studies. Interviews are used in 
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a more in-depth study with a qualitative focus on the research (Bryman, 
2016). This research study aims to outline the relationship between indoor 
environmental quality and occupant productivity and is a quantitative study; 
hence it will use surveys as a method of data collection.  
A comprehensive review of surveys used for building performance and 
occupant comforts outline a list of survey instruments used in the academia 
and industry (Dykes and Baird, 2013).  
 ASHRAE RP-884 (De Dear and Brager, 1998) 
 CBE Survey (Centre for the Built Environment) (Zagreus et al., 2004) 
 OPN (Office Productivity Network) (Oseland, 2004) 
 BOSTI (Buffalo Organisation for Social and Technological Innovation) - 
(Brill et al., 1985) 
 BUS (Building Use Studies Occupant Survey) (Dykes and Baird, 2013, 
Leaman and Bordass, 2001) 
 AMA WorkWare (Alexi Marmot Associates) ((AMA), 2004) 
 DQI (Design Quality Indicator)(Prasad, 2004)  
The above surveys were developed based on a five or seven-point scale for 
responses. They have been used widely for different types of buildings across 
the globe for different types of climate regions (Dykes and Baird, 2013, 
Oseland, 2004, Bluyssen et al., 2011). These instruments and literature review 
were analysed to develop a unique survey instrument for this research study 
(Appendix – 1).  
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The survey was designed to collect occupant response on the five-point Likert 
scale, which is widely used for feedback surveys to analyse and develop 
results (Allen and Seaman, 2007). This research study uses this tool for 
occupant responses to the questioned indoor environment quality factor. It 
ranges from 0 to 5: 
a) 0 – Very Negative 
b) 1 – Negative 
c) 2 – Neutral 
d) 3 – Positive 
e) 4 – Very Positive 
This research study aims to outline the effect of the indoor environmental 
quality factor on occupant’s productivity. 
3.5.8.1.1  Thermal Comfort 
The literature review on thermal comfort identified various physical 
parameters that influence occupant comfort. These were ambient 
temperature, relative humidity, air temperature, air velocity, clothing 
insulation and activity level (Fanger, 1970, Fanger, 1984, Lin and Deng, 2008). 
This research study focuses on temperature and relative humidity. Occupant 
survey responses on physical parameters have been collected. The question 
aims to collect occupants’ responses to thermal comfort using a five-point 
scale (Table 3.1). 
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3.5.8.1.2  Indoor Air Quality 
It was identified from the literature review on indoor air quality that the level 
of Carbon Dioxide and Volatile Organic Compounds (VOC) influence the 
quality of indoor air (Jones, 1999, Panagiotaras et al., 2013, Langer et al., 
2016). This research study focuses on measuring these parameters. The 
question aims to collect occupant responses to natural ventilation and 
mechanical ventilation, along with their response from the occupant survey 
on a five-point scale. It will help to map the acceptable range of carbon 
dioxide and VOC (Table 3.1). 
3.5.8.2 Lighting and Daylighting 
The research learned about lighting and daylighting outlined the importance 
of illuminance levels (Lux) and daylighting for visual comfort and productivity 
(Boyce and Association, 2001, Li and Tsang, 2008, Mansfield, 2018). This 
research study looks at measuring lux levels and access to daylight, outlining 
the ideal lux range and impact of daylight on office occupants’ comfort and 
their productivity (Table 3.1). 
3.5.8.3 Noise and Acoustics 
The literature review on noise and acoustics underlined the impact of sound 
levels on occupant comfort and productivity in offices (Bluyssen et al., 2011, 
Frontczak et al., 2012, Fuks et al., 2017). The measurement of noise levels and 
occupant responses will assist with finding the ideal range for occupant 
comfort and productivity in offices (Table 3.1). 
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3.5.8.4 Office Layout 
The literature reviewed has also included studies on office layout and its 
impact on occupant comfort and productivity (Shahzad et al., Haynes, 
2008b, Lee, 2010, Kim et al., 2013). Analysing the layout of the occupant 
against their response towards the comfort levels of the layout will help to 
highlight and contribute to finding out more about the impact of office 
layout on occupant productivity (Table 3.1). 
Question - How have these factors affected your productivity? 
 
 
Indoor 
environment 
factor 
Very 
Negatively 
Negatively Neutral Positively 
Very 
Positively 
A Thermal comfort      
B 
Natural 
ventilation 
     
c 
Mechanical 
ventilation 
     
D 
Low-emitting 
materials 
     
E Illumination levels      
F Daylight      
G 
Indoor chemical 
& pollutant 
source control 
     
H Acoustic quality      
I Office layout      
Table 3.1- IEQ Factors - Survey 
The researcher also aimed to develop occupant profile through the following 
aspects: 
84 | P a g e  
 
1 Age: Literature has indicated that the age of the occupant influences 
their comfort and productivity. Elderly occupants feel colder than 
younger occupants (Indraganti and Rao, 2010, Indraganti et al., 2015, 
Collins et al., 1981). 
3 Gender: Literature also highlights the difference in thermal comfort and 
perception of comfort between the genders. Females tend to feel colder 
than males (Wang et al., 2018, Del Ferraro et al., 2015, Kim et al., 2013) 
4 Job Profile and number of hours at the desk: The nature of the task also 
influences an occupant’s comfort and productivity. Different tasks require 
varying types of body movement that lead to a rise in body temperature. 
Sedentary occupants tend to feel colder than lightly active occupants 
(de Dear et al., 1997, Brager and de Dear, 1998, De Dear and Brager, 
2002, De Dear et al., 2013, Wang et al., 2018). 
5 Ethnicity, the terrain of the childhood place: Ethnicity and the terrain of 
childhood have an impact on an occupant’s thermal and air comfort 
(Wong and Khoo, 2003, Arens et al., 1997, Lipczynska et al., 2018).  
The above questions can help to create a detailed occupant profile to 
perform detailed analysis and comparison amongst participant performance 
if needed in the future. 
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3.5.8.5 Physical Parameters Measurement  
The research experiment consists of measuring the physical parameters using 
sensors. The equipment used to collect physical parameter data has 
improved a lot in the past decades. Earlier, big equipment was used to 
measure different types of parameters like temperature, humidity, carbon 
dioxide and light. However, sensors’ data collection capacity and 
connectivity have improved a lot over time, with building management 
systems extensively using various sensors to manage the indoor environment 
and energy usage of the building (Jin et al., 2018). This study is going to focus 
on following indoor environment quality factors and parameter (Figure 3.2): 
 
Figure 3.2 - Occupant Productivity - IEQ Factors and Parameters 
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This research study focuses on outlining the impact of the above mentioned 
indoor environmental factors and parameters on occupant productivity. It 
will outline the statistical relationship using equations. The research study 
would also present a range of practical recommendations in the form of 
design guidelines for the practices in the middle east.  
3.6 Time Horizon 
The research study aims to collect data for nine-twelve months in an office 
building in Doha, Qatar. This time length would help to gather detailed data 
on the occupant response and behaviour. It can be stated that this research 
would adopt a longitudinal time horizon (Appendix – 2 - PhD schedule).  
3.7 Techniques and Procedures 
The research study uses a literature review method to establish the state of 
the art of knowledge on the topic of indoor environment quality (Table 3.2). 
The data collection will be done using a post-occupancy evaluation method 
(survey, physical data collection). The sensors selected will be programmed 
to send measurements to an online database and will use response surface 
methodology to identify the relationship between indoor environmental 
factors and occupant productivity.  
Stage Technique 
Data collection Survey, Sensors 
Data analysis Response Surface Methodology (Mini Tab)  
Table 3.2 - Data Collection and Analysis 
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3.8 Research Phases 
 
Figure 3.3 - Research Phase Diagram 
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3.8.1 Research Planning Phase 
The research planning phase starts with problem identification. In the process 
of the problem description, a preliminary literature review helps to highlight 
the aim, objectives and research questions (Figure 3.3).  
3.8.1.1 Literature Review Method 
The literature review is conducted to develop the base of this research study. 
It collates the literature from a wide range of sources such as books, 
conference proceedings and journal articles. It is conducted in three steps 
(Figure 3.4): 
 
Figure 3.4 - Literature Review Method 
1. The first step was to identify the keywords related to this research study. 
This research focuses on identifying the effect of indoor environment 
quality on occupant productivity in a workplace environment in the 
middle-eastern region. It led to the identification of occupant comfort, 
Step 1 
• Identify keywords 
for research 
Step 2 
• Search and 
collect evidence 
Step 3 
• Biblography 
search for more 
papers 
89 | P a g e  
 
occupant productivity, indoor environment quality, thermal comfort, 
indoor air comfort, visual comfort, acoustic comfort, and office layout and 
occupant satisfaction. 
2. The researcher used the University of Wolverhampton’s library online 
search engine and Google Scholar for the literature research and review. 
3. The literature search and collection was followed by exploring the 
bibliographies and finding more relevant literature for the review. 
It led to the identification of five indoor environment quality factor and seven 
parameters that have a significant impact on occupant productivity in a 
workplace environment. A literature review was also conducted to identify 
relevant research design (data collection and analysis) for this research 
study. 
3.8.2 Research Development Phase 
The research development activities include an experimental study to 
establish the IEQ factors and occupant productivity relationship model. The 
experimental study was conducted using Post Occupant Evaluation (POE) 
method in Doha, Qatar, and is quantitative. The experimental study aimed to 
measure seven indoor environment quality parameters under five indoor 
environmental factors and collect occupant responses towards those 
parameters. The research development phase also includes data analysis. It 
uses the design of experiments discipline to design the data analysis 
methodology. 
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3.8.2.1 Design of Experiment 
The design of the experiment is a methodology for systematically applying 
statistics to experimentation. It is used to identify the relationship between 
input variables and the response variable or output variables (Hockman and 
Berengut, 1995, Jiju, 2003) (Figure 3.5). The design of experiment was invented 
in by R.A. Fisher in the 1920s and has been applied to the automobile 
industry, defence industry, agriculture and petrochemical industries to 
develop or improve a product/process or service(Telford, 2007). The design of 
the experiment is highly useful in conducting experiments where some of the 
input factors are uncontrollable. This study aims to identify the relationship 
between indoor environmental quality and occupant productivity in an 
office environment. The results are aimed to be applied for a practical 
purpose (design recommendations). Hence, it is necessary to experiment with 
minimum intervention to yield the most practical and uninfluenced 
measurements in an office environment in the Middle East (Qatar). Thus, the 
design of the experiment is highly appropriate discipline to design this study’s 
research methodology. 
Design of Experiments
Controllable 
input factors/
variables
Process
Response 
variable/
performance
Uncontrollable 
factors/variables
 
Figure 3.5 - Design of Experiment 
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3.8.2.1.1 Response Surface Methodology 
Response Surface Methodology (RSM) is a collection of statistical and 
mathematical techniques used to develop and interpret polynomial 
equations (Box and Draper, 1987, Montgomery and Myers, 1995). It was 
initially developed and adopted by the engineering and industrial world. 
However, it is becoming increasingly popular in other scientific fields such as 
social science research (Meyer, 1963, Ximénez and San Martín, 2000). It is 
highly useful in situations where there are several unknown input variables (x1, 
x2,xk) that have a potential influence on a performance measure, called the 
response (y). The main aim of the RSM model is to investigate independent 
variables, test empirical models for developing an appropriate relationship 
between the response and the input variables and to optimise methods for 
estimating values of x1, x2,….,xk that produce the most desirable value of 
y(Ximénez and San Martín, 2000, Box and Draper, 1987, Hill and Hunter, 1966). 
f = 𝑦 = 𝑓(𝑥1, 𝑥2, … . . , 𝑥𝑘) +  𝜀 
𝑦 = response/ performance variable 
𝑥 = input variables 
𝜀 = noise or error observed in the response 𝑦 
The surface represented by 𝑓(𝑥2, … . . , 𝑥𝑘) is called the response surface. It can 
be represented graphically (three-dimensional space or as contour plots) 
that helps to understand the shape of the response surface (Figure 3.6).  
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Figure 3.6 - Response surface graph (example)(Noordin et al., 2004) 
The research study uses response surface methodology to generate the 
relationship between seven parameters (under five indoor environmental 
factors) and occupant response (survey response) (Table 3.3).  
IEQ factor Parameter Measured by 
Input 
Variable 
Response/ 
performance 
variable 
Thermal 
comfort 
Temperature Sensor 𝑥1 
 
𝑦 
(calculated from 
the company’s HR 
system & survey 
responses) 
Relative humidity Sensor 𝑥2 
Indoor Air 
Quality 
Carbon dioxide Sensor 𝑥3 
Volatile Organic 
Compound 
Sensor 𝑥4 
Lighting Lux level Sensor 𝑥5 
Noise 
Sound level 
 
Sensor 𝑥6 
Office Layout 
Seating 
Arrangement 
Researcher 
(Office plan) 
𝑥7 
Table 3.3 - RSM variable table 
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The participating organisation has two offices in Qatar Science and 
Technology Park (QSTP).  Around 40 employees are employed by the 
organisation and participated for around one year (Two surveys a month). 
𝐴 × 𝐵 × 𝐶 = 40 × 12 × 2 = 960 
A = Number of employees 
B = Number of months 
C = Survey/month 
In an initial calculation, the experiment indicated to have a maximum of 960 
data points. By considering data loss of 25% due to employee holidays, data 
cleaning, then experiment provides 500-600 data points. The survey response 
would be time stamped. Hence, they can be correlated with the sensor data 
for each data point. In the response surface methodology term, these data 
points can also be termed as runs.  The runs would enable us to calculate 
and generate several relationship equations between seven input variables 
and the performance variable(y).  
The response surface analysis will produce a model consisting of a set of 
equations for each variable. Figure 3.7 shows an example of how response 
surface equations look in a 3D graph.   
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Figure 3.7 - Set of response surface equations’ graph (example))(Alcântara et al., 2013) 
The response surface analysis was conducted using Minitab software. The 
researcher used a backward elimination procedure to conduct response 
surface analysis (Figure 3.8). This process is highly useful to eliminate any input 
variable with low effect on output variable in any multiple regression analysis. 
Backward elimination starts with all the input variables in the model and 
eliminates one input variables in each run with the least effect on the model. 
This stepwise procedure continues until the no input variables in the model 
have a p-value greater than the value specified (alpha to remove) (Figure 
3.9). The researcher used 0.1 as alpha to remove the value in this experiment. 
It produces 90% confidence results.  
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Figure 3.8 - Response Surface Methodology – Minitab – Step 1 
 
Figure 3.9 - Response Surface Methodology - Minitab - Step 2 
3.8.3 Research Dissemination Phase 
The research dissemination phase involves the development of design 
guidelines and recommendations for office design in Qatar and middle-east. 
These recommendations can help architects, building managers and other 
built environment professionals to design sustainable and conducive buildings 
that would help to improve occupant productivity. The research also 
produced the set of equations (mathematical model). These mathematical 
models can be used by future research and industry use, with this model 
being used as an example to investigate the impact of indoor environmental 
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quality on occupant productivity in educational buildings. This model can be 
used to further investigate the inter-relationship between various indoor 
environmental factors, with the study being used as an example to other, 
similar studies to be conducted in different climatic regions. 
3.9 Data Collection and Analysis 
This section presents vital aspects of data collection and analysis of the 
research study (Figure 3.10). The research study methodology proposed to 
measure the physical parameters of indoor environment quality while 
simultaneously collecting the occupant response. As mentioned in the 
previous section, data collection and analysis was done by the adopted 
research design. 
 
Figure 3.10 - Research Design - Data Collection and Analysis 
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3.9.1 Data Collection 
The literature review led to the selection of using Post Occupancy Evaluation 
(POE) for data collection. Researchers obtained the ethical approval for 
data collection (Appendix – 3). Data collection in this research project 
involved two types of data; physical data and survey data. 
3.9.1.1 Indoor Environment Quality factors (Physical Parameters) 
The researcher used a range of sensors connected with a base data 
monitoring unit and a cloud-based system to store the collected data.  
 
Figure 3.11 - BRE Base unit 
Sensors send the measurement data to the base unit (Figure 3.11) that 
uploads the data to the online database. This then stores the collected data 
as per the data and their assigned code. The data can be sorted, managed 
and downloaded from the online dashboard on the data management 
vendor’s website (Figure 3.12). 
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Figure 3.12- Data Collection - Online Data Management Dashboard 
The organisation provided access to two offices located in Qatar Science 
and Technology Park, Doha, Qatar. There were numerous rooms in these 
offices. The researcher created 15 zones to collect streamlined data (Table 
3.4). Each room was assigned as a zone, and each zone had sensors 
collecting data on temperature, humidity, carbon dioxide, VOC, light levels 
(Lux) and sound (Decibels). The organisation has one main office, and a 
smaller office called a Techno Hub. The main office has 12 zones, and the 
Techno Hub has three zones (Figure - 3.13).  
Offices Data Collection Zone 
Main Office 1,2,3,4,5,6,7,8,9,10,11,12 
Techno Hub 13,14,15 
Table 3.4 - Data Collection - Offices and Zones 
During the data collection time, 58.9 million data points were collected by 90 
sensors placed in 15 zones. Two monitoring devices connected them (Figure - 
3.14).  
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Figure - 3.13 - Office plan with Zones 
 
Figure - 3.14 - Data points Collection Graph 
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3.9.1.1.1 Thermal comfort 
Thermal comfort is one of the physical parameters set to be measured in this 
experiment. The researcher used the T-3524C sensor (Figure - 3.15) to measure 
indoor ambient temperature and relative humidity.  
 
Figure - 3.15 - T-3524C sensor 
This research study also used the Vantage Pro2 sensor (Figure 3.16) to 
measure outside temperature and relative humidity. 
 
Figure 3.16 - Vantage Pro2 Sensor 
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3.9.1.1.2 Indoor Air Quality 
The literature review identified carbon dioxide and VOC as physical 
parameters to be measured in indoor air quality. The researcher also used a 
T3571 sensor (Figure 3.17) to measure carbon dioxide and a T3576 sensor 
(Figure 3.18) to measure VOC. The T3571 presents carbon dioxide data in PPM 
(Particles Per Million), while the T3576 presents VOC data in percentage VOC 
free air (by volume). 
 
Figure 3.17 - T3571 sensor 
 
Figure 3.18 - T3576 sensor 
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3.9.1.1.3 Lighting and Daylighting 
The literature review outlined lighting and daylighting as one of the factors 
that influence occupant productivity, using T3551 (Figure 3.19) to measure lux 
levels in the office. 
 
Figure 3.19 - T3551 sensor 
3.9.1.1.4 Noise and Acoustics 
As the sound level also has an impact on occupant comfort and 
productivity, the researcher has used T-3576 (Figure 3.18) to measure the 
sound level in the office.  
3.9.1.1.5 Office Layout 
Office layout also influences occupant comfort and productivity. The 
researcher has surveyed the office and created zones and listed the 
occupants in each zone. The survey reply was compared with the seating 
arrangement of the zone (Figure - 3.13). The researcher collated the seating 
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arrangement of the occupants from the Human Resource department. The 
rooms were divided into different zones and occupants were put into the 
allocated zones. Results were created based on this analysis to outline the 
impact of seating arrangement (office layout) on occupant comfort and 
productivity.    
3.9.1.2 Survey Data (Occupant Response) 
Online survey data were collected using the company’s Human Resource 
management system. The HR manager sent emails fortnightly to employees 
to submit their responses.  
 
Table 3.5 - Survey Data Collection Snapshot 
May_1 May_2 June_1 June_2 July_1 July_2 Aug_1     Aug_2  Sep_1  Sep_2  Oct_1 Oct_2 Nov_1 Nov_2
1 02/05/2016 01/08/2016 22/11/2016
2 15/05/2016 02/08/2016 02/11/2016
3 15/05/2016 15/06/2016 02/08/2016 15/08/2016 03/10/2016 18/10/2016 01/11/2016
4 01/11/2016
4 03/05/2016 04/10/2016 23/11/2016
5 01/05/2016 16/05/2016 16/06/2016 02/08/2016 04/10/2016 19/10/2016
6 15/05/2016 01/06/2016 15/06/2016 15/08/2016 04/10/2016 19/10/2016
7 02/05/2016 02/08/2016 22/11/2016
8 01/05/2016 15/05/2016 01/06/2016 01/08/2016 15/08/2016 04/10/2016 17/10/2016 01/11/2016
9 01/05/2016 15/05/2016 01/06/2016 15/06/2016 01/08/2016 15/08/2016 03/10/2016 18/10/2016 22/11/2016
10 16/05/2016 01/06/2016 15/06/2016 01/08/2016 15/08/2016 03/10/2016 19/10/2016 01/11/2016 22/11/2016
11 02/05/2016
12 01/05/2016 15/05/2016 15/08/2016 03/11/2016 22/11/2016
13 01/05/2016 16/06/2016 16/08/2016 03/10/2016 17/10/2016 01/11/2016 22/11/2016
14 01/05/2016 16/06/2016 01/08/2016 15/08/2016 17/10/2016 02/11/2016
15 05/05/2016 16/05/2016 03/10/2016 22/11/2016
16 01/05/2016 16/05/2016 02/06/2016 16/06/2016 02/08/2016 17/08/2016 06/10/2016 17/10/2016 03/11/2016 22/11/2016
17 01/05/2016 15/05/2016 15/06/2016 01/08/2016 17/10/2016 01/11/2016
18 03/05/2016 15/05/2016
19 15/05/2016 01/06/2016 15/06/2016 01/08/2016 15/08/2016 03/10/2016 17/10/2016 01/11/2016 22/11/2016
20 01/05/2016 15/06/2016
21 03/05/2016 16/06/2016 17/08/2016 17/10/2016
22 15/05/2016 02/06/2016
23 01/05/2016 17/05/2016 02/06/2016 16/06/2016 02/08/2016 15/08/2016 03/10/2016 17/10/2016
24 15/05/2016 01/06/2016 15/06/2016 01/08/2016 03/10/2016 17/10/2016 01/11/2016
25 01/05/2016 15/05/2016 16/06/2016
26 02/05/2016 15/05/2016 16/06/2016 05/10/2016 18/10/2016 02/11/2016 22/11/2016
27 01/05/2016 01/06/2016 16/06/2016 01/08/2016 17/08/2016 03/10/2016 17/10/2016 03/11/2016 22/11/2016
28 15/05/2016 02/06/2016
29 01/05/2016 15/05/2016
30 03/05/2016 15/05/2016 16/06/2016 02/08/2016 17/08/2016 03/10/2016 03/11/2016
31 03/05/2016
32 02/06/2016 01/08/2016 04/10/2016 22/11/2016
33 01/08/2016 17/10/2016
34 01/08/2016 15/08/2016 03/10/2016 17/10/2016 22/11/2016
35 01/08/2016 15/08/2016 03/10/2016 17/10/2016 01/11/2016 22/11/2016
36 15/08/2016 04/10/2016
37 17/10/2016
38 17/10/2016
25 20 11 18 20 17 0 0 20 21 16 15
183
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A total of 650 survey data points were collected from July 2016 to July 2017 
(Table 3.5). Both survey and sensor data was stored on a local hard disk 
stored in a secure locker. 
3.9.2 Data Organisation and Cleaning 
The data collection started in May 2016. The data from the sensor and survey 
has been stored online and on a local hard disk. Data organisation and 
cleaning was done by the researcher (Figure 3.20). The sensor data was 
organised as per each zone. First, the reading of all the sensors was averaged 
to 15 minutes to ensure that each sensor readings have been average at the 
same time interval. The survey data was organised as per each zone. The 
dates of response were used to clean the sensor data. The researcher used 
the sensor data from the day before and the date of response for analysis. 
Later, the sensor data and survey data were collated in the excel file as per 
each zone and response date. 
Office 
Occupants
Online survey
Sensor
(physical 
parameters 
data)
Organise sensor 
data as per each 
zone
Convert sensor 
readings to 15 
minutes average
Organise survey 
data as per each 
zone
Identify dates of 
response
Organise the 
sensor data as per 
survey response 
data
Collate the sensor data 
and survey data into as 
per each zone and 
response dates
 
Figure 3.20 - Data Organisation and Cleaning Process 
The data has been organised as per each zone. The responses of an 
occupant in a zone are organised as per each sensor reading (Table 3.6). 
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Table 3.6 - Sensor Data Organisation Table 
3.9.3 Data Analysis 
This section outlines the data analysis strategy of the research experiment. 
The experiment follows a Response Surface Analysis methodology for data 
analysis. It provides a framework for analysing the IEQ parameter data and 
occupant survey data to develop various statistical relationship models that 
outline the degree of influence of each IEQ factor on occupant productivity.  
3.9.3.1 Occupant Profile 
Survey responses have been analysed to generate participants’ profile. There 
are eight profile questions in the survey. 
Q1. How many years have you worked in this workplace? 
a) Less than one year 
b) 1 ‐2 years 
c) 3 ‐5 years 
d) More than five years 
The first profile question collates data on employees’ time at the workplace 
(Figure 3.21). The data indicates that half of the participants have only spent 
Sensor 1 Response 1 Response 2 Response 3 Response 4 Response 5 Response n
Sensor 2 Response 1 Response 2 Response 3 Response 4 Response 5 Response n
Sensor 3 Response 1 Response 2 Response 3 Response 4 Response 5 Response n
Sensor 4 Response 1 Response 2 Response 3 Response 4 Response 5 Response n
Sensor 5 Response 1 Response 2 Response 3 Response 4 Response 5 Response n
Sensor 6 Response 1 Response 2 Response 3 Response 4 Response 5 Response n
Sensor 7 Response 1 Response 2 Response 3 Response 4 Response 5 Response n
Sensor 1 Response 1 Response 2 Response 3 Response 4 Response 5 Response n
Sensor 2 Response 1 Response 2 Response 3 Response 4 Response 5 Response n
Sensor 3 Response 1 Response 2 Response 3 Response 4 Response 5 Response n
Sensor 4 Response 1 Response 2 Response 3 Response 4 Response 5 Response n
Sensor 5 Response 1 Response 2 Response 3 Response 4 Response 5 Response n
Sensor 6 Response 1 Response 2 Response 3 Response 4 Response 5 Response n
Sensor 7 Response 1 Response 2 Response 3 Response 4 Response 5 Response n
Zone x 
Date a
Date b
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less than one year at the workplace. About one-fourth of the participants 
have been working for one to two years, and one-fifth have associated with 
the workplace for between three to five years. Only five per cent of the 
workforce has spent more than five years at this workplace. 
 
Figure 3.21 - Survey Response - Number of years in the workplace 
Q2. In a week, how many hours do you spend at your desk in the office 
(do not include field work)? 
a) Less than 30 
b) Between 30 – 40 
c) More than 40 
The second question outlines the number of hours spent at the workplace 
(Figure 3.22). This data can help highlight any correlation between occupant 
response and a number of hours worked in the office. The data suggests that 
half of the workforce spends more than 40 hours in the office per week. 
About 34% of participants spend between 30 to 40 hours per week in the 
workplace. Only 16% of participants worked less than 30 hours per week.  
50% 
24% 
21% 
5% 
Number of years in the workplace 
Less than 1 Year
1-2 Years
3-5 Years
More than 5 Years
107 | P a g e  
 
 
Figure 3.22 - Survey Response - Number of hours work in the office 
Q3. How would you describe your job profile? 
a) Administrative support 
b) Technical 
c) Professional (GSAS/ Research) 
d) Managerial/supervisory 
e) Other 
The third question collates data on the job profile of the survey participants 
(Figure 3.23). There are 52% GSAS and research professionals participating in 
the survey. About one-fourth of the participants is support staff working in the 
administration. There are 5% of participants in a managerial/ supervisory 
position, 3% in technical and 16% participants in another position. This data 
will be analysed with occupant response to identifying any patterns of 
response based on the profiles of the participants. 
34% 
16% 
50% 
Number of hours worked in the office 
Between 30-40
Less than 30
More Than 40
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Figure 3.23 - Survey Response - Job Profile 
Q4. What is your age? 
a) Below 30  
b) 31 – 50 
c) Over 50 
This question outlines the age profile of the survey participants (Figure 3.24). 
The majority (61%) of the participants belong to the 31-50 age group, 34% of 
participants are aged below 30, and 5% are above 50. The literature has 
indicated that age significantly influences occupant physical comfort. The 
participant’s age data would help to analyse any difference in response 
based on the participant’s age.  
 
Figure 3.24 - Survey Response - Age Profile 
52% 
3% 5% 
24% 
16% 
Job Profile 
Professional (GSAS/
Research)
Technical
Managerial/supervisor
y
Administrative Support
34% 
61% 
5% 
Age 
Below 30
31-50
Over 50
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Q5. What is your gender? 
a) Female 
b) Male 
Question five collates the data on the gender ratio of the participants (Figure 
3.25). The literature review highlighted that male and female have different 
physical comfort preferences. The data shows that 71% are male and 29% 
are female. This data would help to identify any correlation between gender 
and responses of the participants. 
 
Figure 3.25 - Survey Response - Gender Profile 
Q6. What is your ethnicity? 
a) Caucasian 
b) South Asian 
c) Far East Asian 
d) Middle Eastern 
e) African 
f) Others 
Question six collates data on participants’ ethnicity (Figure 3.26). The existing 
studies highlight that humans with different ethnicity background have 
71% 
29% 
Gender Profile 
Male
Female
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different comfort preferences. The local geographic conditions influence the 
environmental preference of the residents. The data indicates that the 
participant profile is highly diverse. There are 39% of participants with Middle 
Eastern ethnicity, 32% South Asian, 13% African and 10% Caucasian, and 3% 
Far East Asian and 3% others. A comparative analysis of participants’ 
response and ethnicity would highlight any correlation between the two 
aspects. 
 
Figure 3.26 - Survey Response - Ethnicity Profile 
Q7. What is your highest level of education? 
a) High school 
b) Bachelor degree 
c) Master degree 
d) Doctorate 
e) Others 
Question seven outlines the educational qualification of the participants 
(Figure 3.27). The data highlights that the majority (53%) of the participants 
hold a bachelor’s degree. 39% of participants hold a master’s degree, 5% are 
high school educated, and 3% hold a doctorate.  
13% 
39% 
10% 3% 
32% 
3% 
Ethnicity Profile 
African
Middle Eastern
Caucasian
Far East Asian
South Asian
Others
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Figure 3.27 - Survey Response - Education Profile 
The analysis from the above questions would help to develop employee 
profiles. These profiles would be used to generate an individual's productivity 
pattern and their response to various indoor environment quality factors. 
These analyses can provide unique relationships between occupant 
productivity and indoor environmental quality in offices. These occupant 
profiles also state that participating occupants were from a diverse 
background, both genders, diverse age group, assigned to perform different 
tasks. It highlights that results are not based on a single category or type of 
occupants. 
 
 
 
 
5% 
53% 
39% 
3% 
Education Profile 
High School
Bachelor degree
Masters Degree
Doctorate
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4 Results and Findings 
This chapter presents the results and findings of the response surface analysis 
conducted on the data collection. It outlines the effect of various indoor 
environmental quality factors on occupant comfort and productivity. The 
chapter is divided into nine parts. The first section introduces the data analysis 
chapter and outlines the factors covered in the analysis of each of the indoor 
environmental factors and their impact on occupant productivity. Section 
two describes the results of thermal comfort, followed by an outline of the 
results on the effect of indoor air quality (natural air) on occupant comfort 
and productivity. Section four introduces the results on the effect of indoor air 
comfort (mechanical ventilation) on occupant comfort and productivity. 
Section five presents the results on the effect of indoor air comfort (VOC) on 
occupant comfort and productivity; then section six refers to the results on 
the effect of noise on occupant comfort and productivity. Section seven 
presents the result on the effect of illumination levels on occupant comfort 
and productivity which is then followed by explanations of the effect of 
natural light on occupant comfort and productivity and office layout on 
occupant comfort and productivity. To finalise, there is a summary of the 
main results and findings. 
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4.1 Introduction 
The research study focused on five indoor environmental quality factors and 
eight response surface analyses, which were conducted to outline eight 
relationship models. These are: 
1. Thermal comfort 
2. Indoor Air comfort 
a. Carbon Dioxide - Natural Air 
b. Carbon Dioxide – Mechanical Ventilation 
c. Volatile Organic Compound 
3. Acoustic comfort 
a. Sound level 
4. Visual Comfort 
a. Illumination (Lux) level – Artificial light 
b. Natural light 
5. Office layout  
Response surface analysis for each physical parameter produced the 
following  analysis: 
 P-values for the independent factors their square and 2-way 
interactions 
This p-value testing is used to identify any factor that has any effect on the 
output variable (productivity) (Montgomery et al., 2009). The ANOVA is 
done using α=0.1.  
If p-value ≥ 0.1, it indicates strong evidence of null hypothesis. 
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If p-value ≤ 0.1, it indicates strong evidence against the null hypothesis, 
hence rejecting the null hypothesis.  
 R square (coefficient of determination) 
Coefficient of determination is used to identify the significance of the 
relationship between input variables and the output variable. Higher 
the value, higher is the impact of input on output. Values above 65% 
are considered relevant and reflect that input variable have a 
significant impact on the output variable (Nagelkerke, 1991). The R 
square values presented are adjusted R square value of the analysis. 
Adjusted r square calculates the variance of significant input variables 
as compared to all input variables. It shows a more accurate 
representation of the relationship between the input and output 
variable. 
 Residual Plots 
Residual plots are used to determine the fit of the model. They 
represent the behaviour of the residuals. It is used in conjunction with 
the coefficient of determination, to confirm the indication of fit 
highlighted by the R square value. 
 Regression equation 
The response surface analysis produces a regression equation. It is a 
mathematical representation of the relationship between input and 
output variables and is an equation that can be used to predict the 
output by filling the input variables. The researcher has a word file for all 
of the response surface analysis conducted for the indoor 
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environmental quality factors. All of the backward elimination steps are 
included in this file. Due to the length of this file (700 pages), it will be 
available as a soft copy, along with data collection files (excel). For 
example, one backward elimination procedure has been attached in 
appendix – 4. 
 Pareto Chart 
Pareto charts are also used to identify the effect of input variables on 
the output variable. It presents a reference line on a standardised 
effect to present the variables with high and low effect. 
 Contour and surface plots 
Contour and surface plots are used to show the interaction between 
on output variable and two input variable. They have been used to 
determine peak performance range for input variables. 
4.2 Thermal Comfort 
This section presents the results achieved by conducting response surface 
analysis of thermal comfort using sensor data and occupant response. It has 
highlighted the following: 
 P-values for the independent factors their square and 2-way 
interactions (Analysis of variance) 
 R square (coefficient of determination) 
 Residual Plots 
 Regression equation 
 Pareto Chart 
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 Contour plots 
 Surface Plots 
 Summary 
4.2.1 Analysis of Variance 
Source DF Adj SS Adj MS F-Value P-Value 
Model 47 357.54 7.607 18.99 0.000 
Linear 15 22.688 1.513 3.78 0.000 
Temperature 1 2.847 2.847 7.11 0.008 
Relative Humidity 1 7.036 7.036 17.56 0.000 
Outside temperature 1 6.236 6.236 15.56 0.000 
Outside Relative Humidity 1 2.568 2.568 6.41 0.012 
CO2 1 0.000 0.000 0.00 0.994 
Sound 1 0.624 0.624 1.56 0.213 
Light 1 0.010 0.010 0.03 0.873 
VOC 1 1.292 1.292 3.22 0.073 
Kind of Workspace 4 1.879 0.470 1.17 0.323 
Do you sit near (wall type): 3 6.440 2.147 5.36 0.001 
Square 4 152.94 38.237 95.44 0.000 
Temperature*Temperature 1 147.55 147.55 368.29 0.000 
Relative Humidity*Relative 
Humidity 
1 1.561 1.561 3.90 0.049 
Outside temperature*Outside 
temperature 
1 5.968 5.968 14.90 0.000 
Outside Relative 
Humidity*Outside Relative 
Humidity 
1 2.822 2.822 7.04 0.008 
2-Way Interaction 28 37.072 1.324 3.30 0.000 
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Temperature*CO2 1 2.403 2.403 6.00 0.015 
Relative Humidity*Outside 
temperature 
1 3.802 3.802 9.49 0.002 
Relative Humidity*Do you sit 
near (wall type): 
3 6.024 2.008 5.01 0.002 
Outside temperature*Sound 1 1.345 1.345 3.36 0.068 
Outside temperature*Kind of 
Workspace 
4 4.778 1.194 2.98 0.019 
Outside Relative 
Humidity*Sound 
1 2.373 2.373 5.92 0.015 
CO2*Kind of Workspace 4 8.210 2.053 5.12 0.001 
    Sound*VOC 1 1.511 1.511 3.77 0.053 
Sound*Kind of Workspace 4 5.154 1.289 3.22 0.013 
Light*VOC 1 2.731 2.731 6.82 0.009 
Light*Kind of Workspace 4 5.489 1.372 3.43 0.009 
VOC*Do you sit near (wall 
type): 
3 6.551 2.184 5.45 0.001 
Error 317 127.00 0.401       
  Lack-of-Fit 313 126.00 0.403 1.61 0.352 
  Pure Error 4 1.000 0.250     
Total 364 484.54        
Table 4.1 - Analysis of Variance - Thermal Comfort 
The experiment was based on the following hypothesis, 
 H0 = Variable does not affect thermal comfort 
 Halt = Variable affects thermal comfort 
The ANOVA is done using α=0.1.  
If p-value ≥ 0.1, it indicates strong evidence of null hypothesis. 
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If p-value ≤ 0.1, it indicates strong evidence against the null hypothesis, 
hence rejecting the null hypothesis.  
Based on the ANOVA, the following factors affect thermal comfort and its 
impact on the productivity of occupants (Table 4.1): 
1. Temperature 
2. Relative humidity 
3. Outside Temperature 
4. Outside Relative Humidity 
5. VOC 
6. Wall type 
7. Temperature* Temperature 
8. Relative Humidity* Relative Humidity 
9. Outside Temperature*Outside Temperature 
10. Relative Humidity*Wall Type 
11. Outside Temperature* Sound 
12. Outside Temperature* Kind of workspace 
13. Outside Relative Humidity*Sound 
14. CO2*Kind of Workspace 
15. Sound*VOC 
16. Sound*Kind of Workspace 
17. Light*VOC 
18. Light*Kind of Workspace 
4.2.2 The Coefficient of Determination (Multiple Correlation 
Coefficient) 
The coefficient of Determination or R-square defines the proportion of 
variance and the regression model (Nagelkerke, 1991). Regression analysis 
indicates the adjusted R-square (coefficient of determination) value to be 
73.79%. It indicates that 74% of the data fits the regression. It highlights that 
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there is a significant relationship between dependent and independent 
factors. 
4.2.3 Residual Plots 
Residual plots help to determine the fit of the model data (Hicks, 1964). Four 
types of residual plots are used for understanding the fits (Figure 4.1). 
 
Figure 4.1 - Residual Plots - Thermal Comfort 
4.2.3.1 Normal Probability Plot  
Normal probability presents the residuals versus their expected values. Higher 
the plot follows the main line, higher the normal distribution. The figure below 
indicates that the residuals are normally distributed. 
4.2.3.2 Versus Fits Plot of Fitted Values 
Residual versus fits show that the variance of the residual decreases as the 
value of the fits increases. The scatter of the residuals becomes closer as the 
value of the fits increases. This pattern indicates that the variances of the 
residuals are unequal. 
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4.2.3.3 Residual Histogram Plot 
The residual histogram is used to identify the skewness of the data. A U-
shaped histogram indicates the normal distribution of the data. Above 
diagram is U-shaped, it indicates that this is a normal distribution of the data. 
4.2.3.4 Residual Versus Order Plot 
The residual versus order plot is used to determine whether there any 
dependency between the residuals. The residuals in the below plot are in 
between -1 and 1 but do not suggest any pattern. It indicates that regression 
assumptions are satisfied. 
Overall, residual plots support the coefficient of determination by indicating 
that the fit of the model is good, and regression assumptions are satisfied. 
4.2.4 Regression Equation 
The regression equation is an outcome of the response surface analysis. It 
presents the statistical relationship between input (independent) variables 
and the output (dependent) variables.  
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Thermal 
Comfort 
= -52.08 + 5.666 Temperature - 0.1318 Relative Humidity 
- 0.015 Outside temperature - 0.0836 Outside Relative Humidity 
+ 0.00637 CO2 - 0.2088 Sound - 0.00460 Light - 0.0468 VOC 
+ 1.53 Kind of Workspace_1 + 1.536 Kind of Workspace_2 
+ 2.79 Kind of Workspace_3 - 6.17 Kind of Workspace_4 
+ 0.32 Kind of Workspace_5 + 0.37 Do you sit near (wall type):_1 
+ 0.424 Do you sit near (wall type):_2 
- 0.484 Do you sit near (wall type):_3 
- 0.307 Do you sit near (wall type):_4 - 0.11728 Temperature*Temperature 
+ 0.000460 Relative Humidity*Relative Humidity 
- 0.003066 Outside temperature*Outside temperature 
+ 0.000363 Outside Relative Humidity*Outside Relative Humidity 
- 0.000270 Temperature*CO2 
+ 0.001846 Relative Humidity*Outside temperature 
- 0.0381 Relative Humidity*Do you sit near (wall type):_1 
+ 0.01842 Relative Humidity*Do you sit near (wall type):_2 
+ 0.01876 Relative Humidity*Do you sit near (wall type):_3 
+ 0.00094 Relative Humidity*Do you sit near (wall type):_4 
+ 0.00313 Outside temperature*Sound 
- 0.0217 Outside temperature*Kind of Workspace_1 
- 0.0252 Outside temperature*Kind of Workspace_2 
+ 0.0074 Outside temperature*Kind of Workspace_3 
+ 0.1010 Outside temperature*Kind of Workspace_4 
- 0.0614 Outside temperature*Kind of Workspace_5 
+ 0.001164 Outside Relative Humidity*Sound 
+ 0.000838 CO2*Kind of Workspace_1 -
 0.001454 CO2*Kind of Workspace_2 
+ 0.001355 CO2*Kind of Workspace_3 -
 0.00248 CO2*Kind of Workspace_4 
+ 0.00174 CO2*Kind of Workspace_5 + 0.000736 Sound*VOC 
- 0.0246 Sound*Kind of Workspace_1 
+ 0.0055 Sound*Kind of Workspace_2 
- 0.0562 Sound*Kind of Workspace_3 
+ 0.0600 Sound*Kind of Workspace_4 
+ 0.0154 Sound*Kind of Workspace_5 + 0.000073 Light*VOC 
- 0.00044 Light*Kind of Workspace_1 
+ 0.00107 Light*Kind of Workspace_2 
- 0.00290 Light*Kind of Workspace_3 
+ 0.00376 Light*Kind of Workspace_4 
- 0.00150 Light*Kind of Workspace_5 
+ 0.0293 VOC*Do you sit near (wall type):_1 
- 0.02088 VOC*Do you sit near (wall type):_2 
- 0.00733 VOC*Do you sit near (wall type):_3 
- 0.00107 VOC*Do you sit near (wall type):_4 
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4.2.4.1 Equation Explanation 
Regression equation explains the effect of the independent variable 
(temperature, relative humidity, outside temperature, outside relative 
humidity etc.) on the dependent variable (thermal comfort). The equation 
includes input variables with a p-value higher than 0.01. These variables 
include sound and type of workspace. Removing these variables led to a 
decrease in R-value of the equation. While these variables contribute to the 
overall equation, they do not have any direct impact on the output variable.  
In this equation, - 52.08 is the intercept (constant).  Regression equation shows 
that thermal comfort depends on the temperature. When temperature 
increases by one-degree Celsius, thermal comfort increase in 5.666 times. 
Similarly, when relative humidity increases by one-degree Celsius, thermal 
comfort decreases in 0.1318 times.  
There are also quadratic dependencies such as a 0.11728 
Temperature*Temperature. Hence, when the temperature increases by one 
unit, the thermal comfort increases to 5.666 times, minus a 0.11728 
Temperature*Temperature. 
As part of the analysis, Minitab produces various types of graphs and plots 
that show various relationships and impact between the independent and 
dependent variables.  
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4.2.5 Pareto Chart 
Pareto charts are used to describe the effect of the independent variables 
on the dependent variable (Figure 4.2). It highlights the magnitude of 
variability in the dependent variable caused by any variation in the 
independent variable. It plots the absolute value of the magnitude of 
impact. Redline is a reference line set at 1.65 on the chart. This means that 
any variable with more than 1.65 value has a significant effect on the input 
variable. 
 
Figure 4.2 - Pareto Chart - Thermal Comfort 
The following variables affect occupant productivity: 
1. Temperature*Temperature (highest impact) 
2. Relative humidity 
3. Outside temperature*Outside temperature 
4. CO2*Kind of workspace 
5. VOC*Wall type 
6. Wall type 
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7. Relative Humidity*Wall type 
8. Relative Humidity*Outside Temperature 
9. Temperature 
10. Outside Relative Humidity*Outside Relative Humidity 
4.2.6 Contour and Surface Plots 
Contour and surface plots are used to show the effect of two independent 
variables (predictor variables) on the response variable (dependent). They 
are used to identify optimal results. Contour plots are used to show the 
variation of response in detail to outline the optimum response. Whereas, 
surface plots are used to show the overall profile of the response as per the 
variations of independent variables (Myers et al., 2016). 
In this experiment, factors with a p-value lower than 0.1 have been 
considered for analysis: 
4.2.6.1 Effect of Light and Carbon Dioxide on Thermal Comfort and 
its impact on Occupant Productivity 
Below plots describe the effect of light and carbon dioxide on occupant 
thermal comfort and its impact on productivity. Plots are measured at typical 
hold values of various independent variables. It highlights the following: 
 It shows that carbon dioxide has a direct effect on occupant response, 
which influences occupant thermal comfort.  
 Temperature is at 23.61°c, which is the optimum occupant productivity 
temperature. However, it is observed that variation in carbon dioxide 
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leads to change in occupant response to thermal comfort’s effect on 
occupant productivity. 
 Plots below indicate a positive correlation between light and thermal 
comfort’s effect on productivity (Figure 4.3, Figure 4.4). It also outlines 
that Lux levels influence an occupant’s perception of thermal comfort. 
 
Figure 4.3 - Contour Plot – Effect of Light and Carbon Dioxide on Thermal comfort 
 
Figure 4.4 Surface Plot - Effect of Light and Carbon Dioxide on Thermal Comfort 
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4.2.6.2 Effect of VOC, Outside Relative Humidity on Thermal 
Comfort and its impact on Occupant Productivity 
The plots below represent the effect of VOC and the outside relative humidity 
on occupant thermal comfort and productivity (Figure 4.5, Figure - 4.6). Plots 
are measured at typical hold values of various independent variables. As per 
the existing literature, the overall comfort level goes down as the VOC level 
increases (Panagiotaras et al., 2013).  This analysis also indicates a positive 
relationship between occupant thermal comfort, productivity and VOC free 
air (VOC free air by percentage). It suggests that when VOC free air is above 
85%, it has a positive effect on thermal comfort and productivity.  
 
Figure 4.5 - Contour Plot - Effect of VOC and Outside R.H on Thermal Comfort 
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Figure - 4.6 - Surface Plot - Effect of VOC & Outside RH on Thermal Comfort 
4.2.6.3 Thermal Comfort vs Light, Outside Relative Humidity on 
Thermal Comfort and its Impact on Occupant Productivity 
The plots below represent the effect of light and outside relative humidity on 
occupant thermal comfort and its impact on productivity (Figure 4.7, Figure 
4.8). Plots are measured at typical hold values of various independent 
variables. They indicate that the outdoor relative humidity between 20-60% 
negatively impacts occupant productivity. As per the observations, this low-
level humidity is during Qatar’s summer-time peak. It shows that when low 
outside humidity and high outside temperature combined with low indoor 
temperature, it creates a temperature difference between the indoor and 
outdoor environment. It is observed that when there is this temperature 
difference, combined with low Lux levels, it leads to a negative impact on 
thermal comfort and productivity. 
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Figure 4.7 - Contour Plot - Effect of Light and Outside RH on Thermal Comfort 
 
Figure 4.8 - Surface Plot –Effect of Light and Outside RH on Thermal Comfort 
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response is positive up to 60 dB, highlighting that sound influences the 
occupant’s perception of thermal comfort and their productivity.  
 
Figure 4.9 - Contour Plot - Effect of Sound and Outside R.H on Thermal Comfort 
 
Figure 4.10 - Surface Plot - Effect of Sound and Outside R.H. on Thermal Comfort 
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4.2.6.5 Effect of Carbon Dioxide and Outside Relative Humidity on 
Thermal Comfort and its impact on Occupant Productivity 
This chart highlights the effect of carbon dioxide and outside relative humidity 
on occupant thermal comfort and its impact on productivity (Figure 4.11, 
Figure 4.12). The plots indicate that carbon dioxide has a more prominent 
effect on productivity than outside relative humidity. Optimum productivity is 
observed around 400-700 ppm of carbon dioxide.  
 
Figure 4.11 Contour Plot - Effect of Carbon Dioxide and Outside R.H on Thermal Comfort 
 
Figure 4.12 - Surface Plot - Effect of Carbon Dioxide and Outside R.H on Thermal Comfort 
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4.2.6.6 Effect of Light and Outside Temperature on Occupant’s 
Thermal Comfort and its impact on Productivity 
These charted plots demonstrate the impact of light and outside 
temperature on occupant productivity (Figure 4.13, Figure 4.14). It indicates 
that occupants prefer a minimum of 150 Lux levels. The outside temperature 
positively impacts occupant productivity in the range of 30 - 45°c. It is in 
conjunction with the indoor temperature at 23.61°c, indicating that 
occupants prefer to work in a colder environment rather than a hotter 
environment when compared to the outside temperature/environment. 
 
Figure 4.13 - Contour Plot - Effect of Light and outside Temperature on Thermal Comfort 
 
Figure 4.14 - Surface Plot - Effect of Light and Outside Temperature on Thermal Comfort 
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4.2.6.7 Effect of Sound and Outside Temperature on Thermal 
Comfort and Occupant Productivity 
The following chart shows the effect of sound and outside temperature on 
occupant productivity (Figure 4.15, Figure 4.16). It is observed that sound has 
the opposite effect on occupant productivity. Sound also influences the 
occupant’s reaction to the outside temperature. A shift in optimum 
productivity range from 20-35°c to 30-45°c can be observed when there is an 
increase in sound levels. It shows that sound has a more prominent impact on 
productivity than the outside temperature. 
 
Figure 4.15 - Contour Plot - Effect of Sound and Outside Temperature on Thermal Comfort 
 
Figure 4.16 - Surface Plot - Effect of Sound and Outside Temperature on Thermal comfort 
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4.2.6.8 Effect of Carbon Dioxide and Outside Temperature on 
Thermal Comfort and Occupant Productivity 
The charts below show the effect of carbon dioxide and outside temperature 
on occupant productivity (Figure 4.17, Figure 4.18). It can be seen that the 
highest level of productivity is achieved at 30-40°c with carbon dioxide below 
400 ppm. Also, productivity is positive until 700 ppm of carbon dioxide and 
when outside temperature ranges from 22-45°c. It highlights that outside 
temperature has more effect on an occupant’s thermal comfort and its 
impact on productivity as compared to carbon dioxide. 
 
Figure 4.17 - Contour Plot - Effect of Carbon Dioxide and Outside Temperature on Thermal Comfort 
 
Figure 4.18 Surface Plot - Effect of Carbon Dioxide and Outside Temperature on Thermal Comfort 
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4.2.6.9 Effect of Light and Relative Humidity on Occupant comfort 
and Productivity 
Here, the influence of light and relative humidity on occupant’s thermal 
comfort and its impact on productivity is shown. These indicate that relative 
humidity has a positive impact on occupant thermal comfort and 
productivity, up to 65%. Plots also suggest that between light and relative 
humidity, light has no perceivable impact on occupant productivity.     
 
Figure 4.19 – Contour Plot - Effect of Light and Relative Humidity on Thermal Comfort 
 
Figure 4.20 – Surface Plot - Effect of Light and Relative Humidity on Thermal Comfort 
Temperature 23.61
Outside temperature 28.75
Outside Relative Humidity 46.75
CO2 698.995
Sound 52.07
VOC 59.23
Kind of Workspace 2
Do you sit near (wall type): 1
Hold Values
Relative Humidity
L
ig
h
t
807060504030
450
400
350
300
250
200
150
100
50
>  
–  
–  
–  
<  3
3 4
4 5
5 6
6
Comfort
Thermal
Contour Plot of Thermal Comfort vs Light, Relative Humidity
Temperature 23.61
Outside temperature 28.75
Outside Relative Humidity 46.75
CO2 698.995
Sound 52.07
VOC 59.23
Kind of Workspace 2
Do you sit near (wall type): 1
Hold Values
2
4
20
04
60
80
003
51 0
0
504
6
 ComfortlamrehT
thgiL
 evitale HumiR ityd
urfaceS Plot of Thermal Comfort vs Light, Relative Humidity 
135 | P a g e  
 
4.2.6.10 Effect of Light and Relative Humidity on Thermal Comfort 
and its impact on Occupant Productivity 
These charts highlight the effect of light and relative humidity on thermal 
comfort and its impact on occupant productivity (Figure 4.21, Figure 4.22). 
They show that relative humidity has a positive impact up until 70%, but the 
sound has no perceivable impact on occupant comfort and productivity. It 
should be considered that these effects are observed while other indoor 
environment factors kept at hold values. 
 
Figure 4.21 - Contour Plot - Effect of Sound and Relative Humidity on Thermal Comfort 
 
Figure 4.22 - Surface Plot - Effect of Sound and Relative Humidity on Thermal Comfort 
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4.2.6.11 Effect of Carbon Dioxide and Relative Humidity   on 
Thermal Comfort and Occupant Productivity 
The plots below highlight the effect of carbon dioxide and relative humidity 
on thermal comfort and their impact on the occupant productivity (Figure 
4.23, Figure 4.24). Carbon dioxide does not affect thermal comfort. Relative 
humidity has a positive effect on an occupant’s comfort levels up until 60%.  
 
Figure 4.23 - Contour Plot - Effect of Carbon Dioxide and Relative Humidity on Thermal Comfort 
 
Figure 4.24 - Surface Plot - Effect of Carbon Dioxide and Relative Humidity on Thermal Comfort 
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4.2.6.12 Effect of Outside Relative Humidity and Relative 
Humidity (indoor) on Thermal Comfort and its impact on 
Occupant Productivity 
The charts below indicate the effect of outside relative humidity and inside 
relative humidity on occupant thermal comfort and productivity (Figure 4.25, 
Figure 4.26). They outline that relative humidity (indoor) has a positive impact 
up until 55%, but show no impact from 55%-70% on occupants’ thermal 
comfort and productivity. These results vary slightly from the current expected 
humidity range (30-70%). Current comfort ranges are set based on relative 
humidity changing, along with variation in temperature. In the case of the 
present study, the temperature is held at 23.61°c (optimum comfortable 
value) , and only relative humidity is changed in the analysis. It indicates that 
when the temperature is at the maximum comfortable position, the effect of 
relative humidity is inversely proportional. 
 
Figure 4.25 - Contour Plot - Effect of Outside R.H and Relative Humidity on Thermal Comfort 
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Figure 4.26 - Surface Plot - Effect of Outside R.H and Relative Humidity on Thermal Comfort 
4.2.6.13 Effect of Temperature and VOC on Thermal Comfort and 
its impact on Occupant Productivity 
Here, the effect of temperature and VOC on thermal comfort and its impact 
on occupant productivity has been highlighted through the use of charts 
(Figure 4.27, Figure 4.28). The plots highlight that temperature has a very 
positive effect on occupants when it ranges from 22-24.5 °c and a positive 
effect when it ranges from 21 - 25°c. While the VOC effect is influenced by 
temperature, plots indicate that it has a positive impact when VOC free air is 
above 65%. The optimum performance is observed at 22-24°c and above 
90% (VOC free air). 
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Figure 4.27 - Contour Plot - Effect of VOC and Temperature on Thermal Comfort 
 
Figure 4.28  Surface Plot - Effect of VOC and Temperature on Thermal Comfort 
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4.2.6.14 Effect of Temperature and Light on Thermal Comfort and 
its impact on Occupant Productivity 
These charts present the effect of VOC and temperature on thermal comfort 
and its impact on occupant productivity (Figure 4.29, Figure 4.30). They 
highlight that optimum productivity is achieved between 22-24°c and 
between 330-450 Lux levels.   
 
Figure 4.29 - Contour Plot - Effect of Light and Temperature on Thermal Comfort 
 
Figure 4.30 - Surface Plot - Effect of Light and Temperature on Thermal Comfort 
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4.2.6.15 Effect of Temperature and Sound on Thermal Comfort 
and its impact on Occupant Productivity 
These plots show the effect of sound and temperature on occupant thermal 
comfort and its impact on productivity (Figure 4.31, Figure 4.32). It is 
highlighted that the highest level of productivity and thermal comfort is 
achievable between 22.5 – 24.5°c and below 48 dB levels. 
 
Figure 4.31- Contour Plot - Effect of Sound and Temperature on Thermal Comfort 
 
Figure 4.32 - Surface Plot - Effect of Sound and Temperature on Thermal Comfort 
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4.2.6.16 Effect of Temperature and Carbon Dioxide on Thermal 
Comfort and its impact Occupant Productivity 
These plots show the effect of temperature and carbon dioxide on thermal 
comfort and its impact on occupant productivity (Figure 4.33, Figure 4.34). It is 
outlined that optimum productivity and thermal comfort is achieved when 
temperature ranges between 22-25°c and Carbon Dioxide levels below 650 
ppm. 
 
Figure 4.33 – Contour Plot - Effect of Temperature and Carbon Dioxide on Thermal Comfort 
 
Figure 4.34 – Surface Plot - Effect of Temperature and Carbon Dioxide on Thermal Comfort 
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4.2.6.17 Effect of Outside Temperature and Temperature on 
Thermal Comfort and its impact on Occupant Productivity 
Below is presented the effect of outside and inside temperature on thermal 
comfort and its impact on occupant productivity (Figure 4.35, Figure 4.36). 
The plots show that the highest level of thermal comfort and productivity is 
achievable when the temperature ranges between 21-24°c (indoor) and 30-
40°c (outdoor).  
 
Figure 4.35 – Contour Plot - Effect of Outside Temperature and Temperature on Thermal Comfort 
 
Figure 4.36 - Surface Plot - Effect of Outside Temperature and Temperature on Thermal Comfort 
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4.2.7 Summary of Results 
This question was aimed to identify the influence of various physical 
parameters on an occupant’s thermal comfort and their impact on 
productivity. The following are the primary results of the analysis: 
1. Temperature, relative humidity, outside relative humidity, and VOC are 
the primary variables that influence thermal comfort and productivity. 
It is outlined by ANOVA and the main effect plot of thermal comfort. 
2. Regression equation derived above can be used to determine the 
thermal comfort of an occupant in a similar geographical and climatic 
context. 
3. Optimum levels (positive, very positive) of thermal comfort and 
productivity are observed at a temperature range of 21 - 24.5°c. 
4. Lux level influences occupant’s perception of thermal comfort. Low 
light levels make the occupant feel cold.  
5. VOC influences the occupant’s thermal comfort. Lower levels of VOC 
present in the air are associated with a higher level of thermal comfort 
and productivity. 
6. Sound also influences an occupant’s thermal comfort and its impact 
on occupant productivity. It has an inverse relationship with thermal 
comfort and productivity. Sound levels above 55dB are observed to 
have a negative impact on thermal comfort and productivity. 
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4.3 Response Surface Regression for Indoor Air Comfort 
(Natural Air) and Productivity 
Response surface analysis of natural/fresh air was carried out to identify the 
input variables that influence occupant’s perception of natural fresh air and 
how it affects their productivity. It produced the following: 
 P-values for the independent factors their square and 2-way 
interactions 
 R square (coefficient of determination) 
 Residual Plots 
 Regression equation 
 Pareto Chart 
 Contour plots 
 Surface Plots 
 Summary 
4.3.1 Analysis of Variance 
Source DF Adj SS Adj MS F-Value P-
Value 
Model 50 387.070 7.7414 48.66 0.000 
Linear 15 70.528 4.7018 29.55 0.000 
CO2 1 45.278 45.277 284.60 0.000 
VOC 1 1.936 1.9362 12.17 0.001 
Relative Humidity 1 0.511 0.5107 3.21 0.074 
Temperature 1 0.686 0.6860 4.31 0.039 
Outside temperature 1 1.264 1.2636 7.94 0.005 
Outside Relative Humidity 1 1.052 1.0518 6.61 0.011 
Sound 1 0.355 0.3552 2.23 0.136 
Light 1 0.135 0.1353 0.85 0.357 
Kind of Workspace 4 2.436 0.6089 3.83 0.005 
Do you sit near (wall type): 3 1.877 0.6258 3.93 0.009 
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  Square 3 10.337 3.4458 21.66 0.000 
CO2*CO2 1 10.271 10.271 64.56 0.000 
Outside temperature*Outside 
temperature 
1 0.530 0.5304 3.33 0.069 
Sound*Sound 1 0.443 0.4428 2.78 0.096 
2-Way Interaction 32 12.802 0.4001 2.51 0.000 
CO2*Outside temperature 1 0.608 0.6083 3.82 0.051 
CO2*Outside Relative Humidity 1 1.139 1.1389 7.16 0.008 
VOC*Outside temperature 1 1.012 1.0119 6.36 0.012 
VOC*Outside Relative Humidity 1 0.617 0.6173 3.88 0.050 
VOC*Do you sit near (wall type): 3 1.525 0.5084 3.20 0.024 
Relative Humidity*Do you sit near (wall 
type): 
3 1.381 0.4604 2.89 0.035 
Temperature*Kind of Workspace 4 2.625 0.6562 4.12 0.003 
Outside temperature*Outside Relative 
Humidity 
1 0.502 0.5017 3.15 0.077 
Outside temperature*Light 1 0.480 0.4801 3.02 0.083 
Outside temperature*Kind of Workspace 4 3.016 0.7540 4.74 0.001 
Outside Relative Humidity*Kind of 
Workspace 
4 2.446 0.6116 3.84 0.005 
Sound*Kind of Workspace 4 1.558 0.3894 2.45 0.046 
Light*Kind of Workspace 4 1.759 0.4398 2.76 0.028 
Error 314 49.955 0.1591       
Lack-of-Fit 310 49.455 0.1595 1.28 0.463 
Pure Error 4 0.500 0.1250       
Total 364 437.025          
Table 4.2 Analysis of Variance – Air Comfort (Natural Air) 
The experiment was based on the following hypothesis, 
 H0 = Variable has no effect on occupant’s indoor air comfort (natural 
air) and its impact on productivity. 
 Halt = Variable has an effect on occupant’s indoor air comfort (natural 
air) and its impact on productivity. 
The ANOVA is done using α=0.1.  
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If p-value ≥ 0.1, it indicates strong evidence of null hypothesis. 
If p-value ≤ 0.1, it indicates strong evidence against the null hypothesis, 
hence rejecting the null hypothesis. 
Based on the ANOVA, the following factors have an effect on occupant’s air 
comfort (natural air) and its impact on the productivity of occupants (Table 
4.2): 
1. CO2 
2. VOC 
3. Relative Humidity 
4. Temperature 
5. Outside temperature 
6. Outside relative humidity 
7. Kind of workspace 
8. Do you sit near wall type 
9. CO2*CO2 
10. Outside temp*outside temp 
11. Sound*Sound 
12. CO2*Outside temperature 
13. CO2*Outside Relative Humidity 
14. VOC*Outside temperature 
15. VOC*Outside Relative Humidity 
16. VOC*Do you sit near (wall type) 
17. Relative Humidity*Do you sit near (wall type) 
18. Temperature*Kind of Workspace 
19. Outside temperature*Outside Relative Humidity 
20. Outside temperature*Light 
21. Outside temperature*Kind of Workspace 
22. Outside Relative Humidity*Kind of Workspace 
23. Sound*Kind of Workspace 
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24. Light*Kind of Workspace 
For the present study, it is considered that the above factors affect indoor air 
comfort both directly and indirectly. All these factors have a different 
magnitude of influence. The level of magnitude would be highlighted in 
Pareto charts. 
4.3.2 The Coefficient of Determination (Multiple Correlation 
Coefficient) 
Coefficient of determination (adjusted R-square) value is 86.75%. It indicates 
that 87% of the data fits the regression and there is a significant relationship 
between dependent and independent variables. 
4.3.3 Residual Plots 
Residual plots are used to determine the fit of model data (Figure 4.37).  
 
Figure 4.37 - Residual Plots for Natural Fresh Air 
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4.3.3.1 Normal probability plot 
The residuals in the figure above follow the expected values (mainline). It 
indicates that residuals are normally distributed. 
4.3.3.2 Versus fits of fitted value plot 
The scatter of the residuals varies as the fitted value increases. It indicates 
that residuals are unequal. 
4.3.3.3 Residual Histogram 
Histogram figure above is observed to be closely shaped like a U- shaped 
histogram with few outliers. It indicates that the data is normally distributed. 
4.3.3.4 Residual versus order plot 
Residuals in the above figure are between -1 to 1 and suggest no pattern. It 
indicates that regression assumptions are satisfied. 
4.3.4  Regression equation 
Natural 
fresh air 
= -1.26 - 0.01210 CO2 + 0.0577 VOC -   
- 0.0768 Temperature + 0.2483 Outside temperature 
+ 0.0773 Outside Relative Humidity + 0.1024 Sound 
- 2.25 Kind of Workspace_1 + 0.95 Kind of Workspace_2 
- 1.25 Kind of Workspace_3 - 1.16 Kind of Workspace_4 
+ 3.71 Kind of Workspace_5 + 0.167 Do you sit near (wall type):_1 
+ 0.230 Do you sit near (wall type):_2+ 0.064 Do you sit near (wall type
):_3 
- 0.460 Do you sit near (wall type):_4 
+ 0.01855 VOC*Do you sit near (wall type):_1 
- 0.02564 Relative Humidity*Do you sit near (wall type):_1 
+ 0.1041 Temperature*Kind of Workspace_1+ 0.1213 Temperature*Kin
d of Workspace_2+ 0.0395 Temperature*Kind of Workspace_3+ 0.0914
 Temperature*Kind of Workspace_4 -
 0.356 Temperature*Kind of Workspace_5 -
 0.0152 Outside temperature*Kind of Workspace_1-
 0.0462 Outside temperature*Kind of Workspace_2 
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+ 0.0136 Outside temperature*Kind of Workspace_3 
- 0.0214 Outside temperature*Kind of Workspace_4 
+ 0.0691 Outside temperature*Kind of Workspace_5 
- 0.01459 Outside Relative Humidity*Kind of Workspace_1 
- 0.01438 Outside Relative Humidity*Kind of Workspace_2 
+ 0.0259 Outside Relative Humidity*Kind of Workspace_5 
4.3.4.1 Equation explanation 
The regression equation shows various variables that affect occupant’s 
indoor air comfort and its impact on productivity. It shows that carbon 
dioxide, VOC, temperature (both indoor and outdoor) and outside relative 
humidity do have an influence on an occupant’s indoor air comfort and also 
impact on productivity. Along with the factors mentioned above, few more 
linear, square and interactions contribute to the final output.  
As a part of the analysis, various types of graphs have been used to 
showcase the impact of different input variable on the output variable.  
4.3.5 Pareto chart 
A Pareto chart has been used to present the independent variable’s 
magnitude of effect on the output variable. The chart has set 1.65 as the 
reference line to identify variables that influence an occupant’s indoor air 
comfort and its impact on productivity (Figure 4.38). 
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Figure 4.38 - Pareto Chart – Indoor Air Comfort (Natural Air) 
Following variables have a significant effect: 
1. Carbon Dioxide (maximum impact) 
2. Carbon Dioxide*Carbon Dioxide 
3. VOC 
4. Outside Temperature*Kind of Workspace 
5. Temperature*Kind of Workspace 
6. Outside Relative Humidity*Kind of Workspace 
7. Kind of Workspace 
8. Outside Temperature 
9. Carbon Dioxide*Outside Relative Humidity 
10. Wall Type 
11. Outside Relative Humidity 
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4.3.6 Contour and Surface Plots  
Contour and surface plots are used to identify optimal results by showing the 
effect of two independent variables on the dependent variable. The 
researcher has only discussed the plots that show significant impacts or results 
on indoor air comfort and how it impact on productivity. 
4.3.6.1 Effect of Light, VOC on Indoor Air Comfort (Natural Air) and 
its impact on Productivity 
The charts below represent the effect of light and VOC on occupant’s indoor 
air comfort and its impact on productivity (Figure 4.39, Figure 4.40).  The plots 
highlight that VOC has a significant impact on occupant indoor air comfort 
(natural air) and productivity. Optimum range for VOC free air is achieved 
above 85%. Sound does not have any indicative effect on air comfort 
(natural air) and productivity.  
 
Figure 4.39 Contour Plot - Effect of Light and VOC on Air Comfort (Natural Air) 
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Figure 4.40 - Surface Plot - Effect of Light and VOC on Air Comfort (Natural Air) 
4.3.6.2 Effect of Sound, VOC on Indoor Air Comfort (Natural Air) 
and its impact on Occupant Productivity 
The charts below present the effect of sound and VOC on indoor air comfort 
(natural air) and its impact on occupant productivity (Figure 4.41, Figure 
4.42). Both contour and surface plot indicates that VOC free air (percentage) 
have a positive relationship with indoor air comfort (natural air) and its impact 
on productivity. As a percentage of VOC free air increases, comfort and 
productivity also increase. There is no noticeable effect of sound on indoor air 
comfort.  
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Figure 4.41- Contour Plot - Effect of Sound, VOC on Air Comfort (Natural Air) 
 
Figure 4.42 - Surface Plot - Effect of Sound, VOC on Air Comfort (Natural Air) 
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4.3.6.3 Effect of Outside Relative Humidity, VOC on Indoor Air 
Comfort (Natural Air) and its impact on Occupant 
Productivity 
The impact of outside relative humidity and VOC on indoor air comfort and 
its effect on occupant productivity has been shown here (Figure 4.43, Figure 
4.44). The plots are measured at the ideal hold values of various independent 
variables. Between outside relative humidity and VOC, only VOC levels have 
a significant effect on indoor air comfort (natural air) and its impact on 
productivity.  
 
Figure 4.43 - Contour Plot - Effect of Outside RH, VOC on Air Comfort (Natural Air) 
 
Figure 4.44 - Surface Plot - Effect of Outside RH, VOC on Air Comfort (Natural Air) 
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4.3.6.4 Effect of Relative Humidity, VOC on Indoor Air Comfort 
(Natural Air) and its impact on Occupant Productivity 
The surface and contour plots below represent the effect of relative humidity 
and VOC on occupant’s indoor air comfort (natural air) and its impact on 
productivity (Figure 4.45, Figure 4.46). Graphs indicate that both relative 
humidity and VOC have an impact on indoor air comfort and productivity. 
Graphs outline that 60% and above VOC free air have a positive impact , 
and the relative humidity’s effect is dependent on VOC. For instance, at 70% 
VOC free air, up to 35% humidity and when VOC free air is 80%, the relative 
humidity’s effect is positive up to 45% relative humidity. 
 
 
Figure 4.45 Contour Plot - Effect of Relative Humidity, VOC on Air Comfort (Natural Air) 
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Figure 4.46 - Surface Plot - Effect of Relative Humidity, VOC on Air Comfort (Natural Air) 
4.3.6.5 Effect of Carbon Dioxide and Light on Indoor Air Comfort 
(Natural Air) and its impact on Occupant Productivity 
The charts below show the effect of carbon dioxide and light on indoor air 
comfort and its impact on occupant productivity (Figure 4.47, Figure 4.48). 
They highlight that carbon dioxide has a significant effect on indoor air 
comfort and also on productivity. Carbon dioxide has a positive effect on 
indoor air comfort (natural air) up to 450 ppm. It also outlines that natural or 
artificial light has no significant impact on indoor air comfort (natural air).  
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Figure 4.47 - Contour Plot - Effect of Carbon Dioxide and Light on Indoor Air Comfort (Natural Air) 
 
Figure 4.48 - Surface Plot - Effect of Carbon Dioxide and Light on Indoor Air Comfort (Natural Air) 
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that carbon dioxide has an inverse relationship with indoor air quality. The 
contour plot indicates that up to 450 ppm, carbon dioxide has a positive 
effect on the occupant’s air comfort and also on productivity. The plots also 
show that sound does not have a significant impact on indoor air comfort 
and productivity.  
 
Figure 4.49 - Contour Plot - Effect of Carbon Dioxide and Sound on Indoor Air Comfort (Natural Air) 
 
Figure 4.50 - Surface Plot - Effect of Carbon Dioxide and Sound on Indoor Air Comfort (Natural Air) 
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4.3.6.7 Effect of Carbon Dioxide and Outside Relative Humidity on 
Indoor Air Comfort (Natural Air) and its impact on Occupant 
Productivity 
The surface and contour plots below present the effect of carbon dioxide 
and outdoor relative humidity on indoor air comfort and its impact on 
occupant productivity (Figure 4.51, Figure 4.52). They show that carbon 
dioxide is inversely related to indoor air comfort (natural air) and its impact on 
productivity. The contour plot shows that carbon dioxide has a positive effect 
on indoor air comfort up to 400ppm and neutral effect up to 530 ppm level. 
The outside relative humidity does not have a significant effect on air comfort 
and productivity.  
 
Figure 4.51- Contour Plot- Effect of Carbon Dioxide and Outside RH on Air Comfort (Natural Air) 
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Figure 4.52 - Surface Plot - Effect of Carbon Dioxide and Outside RH on Air Comfort (Natural Air) 
4.3.6.8 Effect of Carbon Dioxide and Outside Temperature on 
Indoor Air Comfort (Natural Air) and its impact on Occupant 
Productivity 
These plots describe the effect of carbon dioxide and outside temperature 
on indoor air comfort and their impact on occupant productivity (Figure 4.53, 
Figure 4.54). Graphs outline that carbon dioxide has a positive effect up to 
450 ppm and a neutral effect up to 625 ppm. The outside temperature has 
no significant effect on indoor air comfort.  
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Figure 4.53 - Contour Plot - Effect of Carbon Dioxide and Outside Temperature on Air Comfort (Natural 
Air) 
 
Figure 4.54 - Surface Plot - Effect of Carbon Dioxide and Outside Temperature on Air Comfort (Natural 
Air) 
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4.3.6.9 Effect of Carbon Dioxide and Temperature on Indoor Air 
Comfort (Natural Air) and its impact on Occupant 
Productivity 
These charts represent the effect of carbon dioxide and temperature on 
indoor air comfort and its impact on productivity (Figure 4.55, Figure 4.56). 
They outline that carbon dioxide has a significant effect as compared to 
temperature. Carbon dioxide has a positive effect on indoor air comfort up 
to 525 ppm, neutral effect up to 675 ppm and adverse effect above it. It also 
indicates that temperature has no significant effect on the occupant’s air 
comfort. 
 
Figure 4.55 - Contour Plot - Effect of Carbon Dioxide and Temperature on Air Comfort (Natural Air) 
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Figure 4.56 - Surface Plot - Effect of Carbon Dioxide and Temperature on Air Comfort (Natural Air) 
4.3.6.10 Effect of Carbon Dioxide and Relative Humidity on 
Indoor Air Comfort (Natural Air) and its impact on Occupant 
Productivity 
The charts below outline the effect of carbon dioxide and relative humidity 
on indoor air comfort and its impact on occupant productivity (Figure 4.57, 
Figure 4.58). Plots indicate that carbon dioxide has a more prominent effect 
on indoor air comfort than relative humidity. Contour plot highlights that 
carbon dioxide has a positive effect up to 550 ppm, neutral effect up to 700 
ppm and negative effect above it. Relative Humidity has the least effect on 
indoor air comfort. The plots indicate that lower relative humidity has a 
positive impact on indoor air comfort and its impact on productivity.  
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Figure 4.57 Contour Plot - Effect of Carbon Dioxide and Relative Humidity on Air Comfort (Natural Air) 
 
Figure 4.58 Surface Plot - Effect of Carbon Dioxide and Relative Humidity on Air Comfort (Natural Air) 
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4.3.6.11 Effect of Carbon Dioxide and VOC on Indoor Air 
Comfort (Natural Air) and its impact on Occupant 
Productivity 
The visuals highlight the interaction between carbon dioxide and VOC and 
their effect on indoor air quality and its impact on occupant productivity 
(Figure 4.59, Figure 4.60). They suggest that VOC and carbon dioxide in 
indoor air inversely proportional to occupant’s thermal comfort and 
productivity. Peak air comfort and productivity are achievable when carbon 
dioxide is below 500 ppm, and the air is above 80% VOC free. Both carbon 
dioxide and VOC have a significant effect on occupant’s air comfort 
(natural air) and its impact on productivity.  
 
Figure 4.59 Contour Plot - Effect of Carbon Dioxide and VOC on Air Comfort (Natural Air) 
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Figure 4.60 - Surface Plot - Effect of Carbon Dioxide and VOC on Air Comfort (Natural Air) 
4.3.7 Summary 
This question was aimed to identify the influence of various physical 
environment parameters on occupant’s air comfort (natural air) and their 
impact on productivity. Primary results of the analysis: 
1. Carbon dioxide, VOC have maximum impact on occupant’s air 
comfort (natural air). 
2. Derived regression equation can be used to determine the occupant’s 
indoor air comfort of an occupant in a similar geographical and 
climatic context. 
3. Optimum level (positive, very positive) of air comfort for natural air and 
productivity are observed below 500 ppm level of carbon dioxide and 
below and VOC from 75% (VOC free air) and above. 
4. Relative humidity has a slight impact on indoor air comfort. It is 
observed that higher humidity leads to lower air comfort and 
occupant’s perception of natural air. 
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4.4 Response Surface Regression for Indoor Air Comfort 
(Mechanical Ventilation) and Productivity 
A response surface analysis of mechanical ventilation was done to identify 
the input variables that influence occupant’s perception of natural air and 
how it affects their productivity. It produced the following: 
 P-values for the independent factors their square and 2-way 
interactions 
 R square (Coefficient of Determination) 
 Residual Plots 
 Regression Equation 
 Pareto Chart 
 Contour Plots 
 Surface Plots 
4.4.1 Analysis of Variance 
Source DF Adj SS Adj MS F-Value P-Value 
Model 41 295.75 7.2135 30.64 0.000 
  Linear 15 81.870 5.4580 23.19 0.000 
    CO2 1 55.197 55.1971 234.48 0.000 
    VOC 1 0.024 0.0238 0.10 0.751 
    Relative Humidity 1 0.369 0.3688 1.57 0.212 
    Temperature 1 0.106 0.1062 0.45 0.502 
    Outside temperature 1 2.347 2.3474 9.97 0.002 
    Outside Relative Humidity 1 0.300 0.3004 1.28 0.259 
    Sound 1 0.012 0.0122 0.05 0.820 
    Light 1 0.426 0.4261 1.81 0.179 
    Kind of Workspace 4 0.997 0.2492 1.06 0.377 
    Do you sit near  (wall type): 3 2.990 0.9966 4.23 0.006 
  Square 2 6.063 3.0315 12.88 0.000 
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    CO2*CO2 1 3.660 3.6597 15.55 0.000 
    Sound*Sound 1 2.969 2.9688 12.61 0.000 
  2-Way Interaction 24 17.260 0.7192 3.06 0.000 
    CO2*VOC 1 1.022 1.0221 4.34 0.038 
    CO2*Light 1 1.564 1.5643 6.65 0.010 
    VOC*Light 1 1.516 1.5163 6.44 0.012 
    VOC*Kind of Workspace 4 2.617 0.6541 2.78 0.027 
    Relative Humidity*Light 1 1.018 1.0183 4.33 0.038 
    Temperature*Sound 1 2.502 2.5022 10.63 0.001 
    Outside temperature*Sound 1 1.121 1.1208 4.76 0.030 
    Outside temperature*Do you sit 
near  (wall type): 
3 4.470 1.4899 6.33 0.000 
    Outside Relative Humidity*Sound 1 0.930 0.9305 3.95 0.048 
    Outside Relative Humidity*Do you sit 
near  (wall type): 
3 1.718 0.5728 2.43 0.065 
    Light*Kind of Workspace 4 3.388 0.8469 3.60 0.007 
    Light*Do you sit near  (wall type): 3 6.437 2.1458 9.12 0.000 
Error 323 76.037 0.2354     
  Lack-of-Fit 319 75.537 0.2368 1.89 0.285 
  Pure Error 4 0.500 0.1250     
Total 364 371.792        
Table 4.3 - Analysis of Variance – Indoor Air Comfort (Mechanical Ventilation) 
The experiment was based on the following hypothesis, 
 H0 = Variable has no effect on occupant’s indoor air comfort 
(Mechanical Ventilation) and its impact on productivity. 
 Halt = Variable has an effect on occupant’s indoor air comfort 
(Mechanical Ventilation) and its impact on productivity. 
The ANOVA is done using α=0.1.  
If p-value ≥ 0.1, it indicates strong evidence of null hypothesis. 
If p-value ≤ 0.1, it indicates strong evidence against the null hypothesis, 
hence rejecting the null hypothesis.  
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Based on the ANOVA, the following factors have an effect on the 
occupant’s air comfort (Mechanical Ventilation) and its impact on the 
productivity of occupants (Table 4.3): 
1. CO2 
2. Outside temperature 
3. Wall type 
4. CO2*CO2 
5. CO2*Light 
6. VOC*Light 
7. VOC*Kind of Workspace 
8. Temperature*Sound 
9. Outside temperature*Sound 
10. Outside temperature*Wall type 
The above factors affect indoor air comfort both directly and indirectly. All 
of these factors have different magnitudes of influence. It would be 
outlined in Pareto charts. 
4.4.2 The Coefficient of Determination (Multiple Correlation 
Coefficient) 
The coefficient of determination (adjusted R-square) value is 76.95%. It 
indicates that about 77% of the data fits the regression and there is a 
significant relationship between dependent and independent variables. 
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4.4.3 Residual Plots 
Residual plots are used to determine the fit of model data (Figure 4.61).  
 
Figure 4.61- Residual Plots - Mechanical Ventilation 
4.4.3.1 Normal Probability Plot  
The residuals in the figure above follow the expected values (mainline). It 
shows the residuals are normally distributed. 
4.4.3.2 Versus fits of fitted value plot 
The scatter of the residuals varies as the fitted value increases. It indicates 
that residuals are unequal. 
4.4.3.3 Residual Histogram 
Histogram figure above has a bell curve with few outliers. It indicates that 
data is normally distributed. 
4.4.3.4 Residual versus order plot 
Residuals in the above figure are between -1 to 1, and no pattern is 
observed. It indicates the regression assumptions are satisfied. 
172 | P a g e  
 
4.4.4 Regression equation 
Mechanical 
Ventilation 
= 1.27 - 0.00785 CO2 + 0.0319 VOC + 0.00913 Relative Humidity 
- 0.370 Temperature + 0.1035 Outside temperature 
+ 0.0353 Outside Relative Humidity + 0.1930 Sound + 0.01239 Light 
- 0.863 Kind of Workspace_1 - 0.306 Kind of Workspace_2 
+ 1.322 Kind of Workspace_3 + 0.47 Kind of Workspace_4 
- 0.621 Kind of Workspace_5 + 1.658 Do you sit near  (wall type):_1 
+ 0.241 Do you sit near  (wall type):_2 
- 0.448 Do you sit near  (wall type):_3 
- 1.451 Do you sit near  (wall type):_4 + 0.000005 CO2*CO2 
- 0.002431 Sound*Sound - 0.000028 CO2*VOC -
 0.000007 CO2*Light 
- 0.000059 VOC*Light - 0.00622 VOC*Kind of Workspace_1 
+ 0.00142 VOC*Kind of Workspace_2 -
 0.01523 VOC*Kind of Workspace_3 
+ 0.01692 VOC*Kind of Workspace_4 
+ 0.0031 VOC*Kind of Workspace_5 
- 0.000052 Relative Humidity*Light + 0.00731 Temperature*Sound 
- 0.00262 Outside temperature*Sound 
- 0.0872 Outside temperature*Do you sit near  (wall type):_1 
+ 0.0055 Outside temperature*Do you sit near  (wall type):_2 
+ 0.0324 Outside temperature*Do you sit near  (wall type):_3 
+ 0.0492 Outside temperature*Do you sit near  (wall type):_4 
- 0.000750 Outside Relative Humidity*Sound 
- 0.01780 Outside Relative Humidity*Do you sit near  (wall type):_1 
+ 0.00213 Outside Relative Humidity*Do you sit near  (wall type):_2 
+ 0.00640 Outside Relative Humidity*Do you sit near  (wall type):_3 
+ 0.00927 Outside Relative Humidity*Do you sit near  (wall type):_4 
+ 0.00434 Light*Kind of Workspace_1 
+ 0.000673 Light*Kind of Workspace_2 
- 0.00167 Light*Kind of Workspace_3 
- 0.00469 Light*Kind of Workspace_4 
+ 0.00134 Light*Kind of Workspace_5 
+ 0.00759 Light*Do you sit near  (wall type):_1 
- 0.001385 Light*Do you sit near  (wall type):_2 
- 0.003425 Light*Do you sit near  (wall type):_3 
- 0.002782 Light*Do you sit near  (wall type):_4 
 
4.4.4.1 Equation explanation 
The regression equation shows various variables that have an effect on 
occupant’s indoor air comfort (mechanical ventilation) and its impact on 
productivity. It shows that carbon dioxide, temperature, sound, wall type has 
an influence on occupant’s indoor comfort levels (mechanical ventilation) 
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and its impact on productivity. Along with the factors mentioned above, few 
more linear, square and interactions contribute to the final output. 
As part of the analysis, various types of graphs have been used to show the 
impact of different input variable on the output variable.  
4.4.5 Pareto chart 
Pareto chart is used to present the independent variable’s magnitude of 
effect on the output variable (Figure 4.62). The chart has set 1.65 of 
standardized effect as the reference line to identify variables that have an 
effect on occupant’s indoor air comfort (mechanical ventilation) and its 
impact on productivity. 
 
Figure 4.62 - Pareto Chart - Mechanical Ventilation 
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Following variables have a significant effect: 
1. Carbon Dioxide (Maximum implications) 
2. Light*Wall type 
3. Carbon Dioxide*Carbon Dioxide 
4. Outside Temperature*Outside Relative Humidity 
5. Sound*Sound 
6. Temperature*Sound 
7. Outside Temperature 
8. Wall type 
9. Light*Kind of Workspace 
10. Carbon Dioxide*VOC 
4.4.6 Contour and Surface Plots  
The plot lines have been used to identify optimal results by showing the effect 
of two independent variables on the dependent variable. The researcher has 
only discussed the scenarios that show important impacts or results on indoor 
air comfort (mechanical ventilation) and its impact on productivity. 
4.4.6.1 Effect of Light, Sound on Indoor Air Comfort (Mechanical 
Ventilation) and its impact on Productivity 
Contour and surface plots outline the following (Figure 4.63, Figure 4.64): 
 Light has a direct impact on indoor air comfort and productivity. 
Optimum range is 250- 450 Lux level.  
 It also indicates that between sound and light, the sound level does not 
have any impact on indoor air comfort.  
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Figure 4.63 Contour Plot - Effect of Light, Sound on Air Comfort (Mechanical Ventilation) 
 
Figure 4.64 - Surface Plot - Effect of Light, Sound on Air Comfort (Mechanical Ventilation) 
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4.4.6.2 Effect of Light, Outside Relative Humidity on Indoor Air 
Comfort (Mechanical Ventilation) and its impact on 
Productivity 
The charts below outline the following (Figure 4.65, Figure 4.66): 
 Light has a significant effect on indoor air comfort levels for occupants 
(mechanical ventilation) and also on their productivity. 
 Outside relative humidity has minimal impact. 
 
Figure 4.65 - Contour Plot - Effect of Light, Outside R.H. on Air Comfort (Mechanical Ventilation) 
 
Figure 4.66 - Surface Plot - Effect of Light, Outside R.H. on Air Comfort (Mechanical Ventilation) 
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4.4.6.3 Effect of Light, Outside Temperature on Indoor Air Comfort 
(Mechanical Ventilation) and its impact on Productivity 
The contour and surface plots below (Figure 4.67, Figure 4.68) highlight the 
following: 
 Both light and outside temperatures have an impact on indoor air 
comfort (mechanical ventilation) and its impact on productivity. 
 Higher Lux levels positively influence occupant indoor air comfort and 
productivity while higher outside temperature has an adverse effect on 
it. 
 This outlines that outside temperature affects the quality of indoor air 
through mechanical ventilation. 
 
Figure 4.67 – Contour Plot - Effect of Light, Outside Temperature on Air Comfort (Mech. Ventilation) 
 
Figure 4.68 - Surface Plot - Effect of Light, Outside Temperature on Air Comfort (Mechanical Ventilation) 
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4.4.6.4 Effect of Sound, Outside Temperature on Indoor Air Comfort 
(Mechanical Ventilation) and its impact on Productivity 
These plot lines (Figure 4.69, Figure 4.70) highlight the following: 
 The outside temperature has a negative correlation with indoor air 
comfort and productivity. 
 Sound does not have an impact on indoor air comfort and 
productivity. 
 
Figure 4.69 - Contour Plot - Effect of Sound, Outside Temperature on Air Comfort (Mech. Ventilation) 
 
Figure 4.70 Surface Plot - Effect of Sound, Outside Temperature on Air Comfort (Mechanical Ventilation) 
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4.4.6.5 Effect of Outside Relative Humidity, Outside Temperature on 
Indoor Air Comfort (Mechanical Ventilation) and its impact 
on Productivity 
These visuals outline the following (Figure 4.71, Figure 4.72): 
 Both outside temperature and relative humidity have an adverse 
effect on occupant indoor air comfort and productivity. 
 
Figure 4.71Contour Plot - Effect of Outside R.H., Outside Temperature on Air Comfort (Mech. Ventilation) 
 
Figure 4.72 Surface Plot - Effect of Outside R.H., Outside Temperature on Air Comfort (Mech. Ventilation) 
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4.4.6.6 Effect of Relative Humidity, Sound on Indoor Air Comfort 
(Mechanical Ventilation) and its impact on Productivity 
Below, the plot lines show the following (Figure 4.73 & Figure 4.74): 
 Relative humidity has a negative correlation with indoor air comfort 
and its impact on productivity. 
 Sound between 45-55 dB has a positive impact on productivity. 
Previously, results have indicated that sound does not have an impact 
on air comfort in the natural air system.   
 
Figure 4.73 Contour Plot - Effect of Relative Humidity, Sound on Air Comfort (Mechanical Ventilation) 
 
Figure 4.74 – Surface Plot - Effect of Relative Humidity, Sound on Air Comfort (Mechanical Ventilation) 
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4.4.6.7 Effect of Temperature, VOC on Indoor Air Comfort 
(Mechanical Ventilation) and its impact on Productivity 
Below, the contour and surface plot lines show the following (Figure 4.75, 
Figure 4.76): 
 Both VOC and temperature have an influence on indoor air comfort 
and its impact on productivity.  
 Higher VOC free air leads to improve indoor air comfort and 
productivity. 
 
Figure 4.75 Contour Plot - Effect of Temperature, VOC on Air Comfort (Mechanical Ventilation) 
 
Figure 4.76 Surface Plot - Effect of Temperature, VOC on Air Comfort (Mechanical Ventilation) 
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4.4.6.8 Effect of Relative Humidity, VOC on Indoor Air Comfort 
(Mechanical Ventilation) and its impact on Productivity 
The charts below highlight that (Figure 4.77, Figure 4.78): 
 Both VOC and relative humidity have an influence on occupant’s 
indoor air comfort and productivity.  
 Higher VOC free air leads to an increase in air comfort and 
productivity. 
 Higher relative humidity leads to lower indoor air comfort and 
productivity. Optimum relative humidity levels are observed to be 
below 60%  
 
Figure 4.77  - Contour Plot - Effect of Relative Humidity, VOC on Air Comfort (Mechanical Ventilation) 
 
Figure 4.78 - Surface Plot - Effect of Relative Humidity, VOC on Air Comfort (Mechanical Ventilation) 
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4.4.6.9 Effect of Light, Carbon Dioxide on Indoor Air Comfort 
(Mechanical Ventilation) and its impact on Productivity 
These charts outline that (Figure 4.79, Figure 4.80): 
 Both light and carbon dioxide have an effect on indoor air comfort 
and productivity. 
 Higher lux levels lead to higher comfort and productivity. Optimum lux 
level range is 250-450 lux. 
 Higher carbon dioxide in air leads to lower productivity. Optimum 
carbon dioxide level is achieved below 450 ppm.  
 
Figure 4.79 - Contour Plot - Effect of Light, Carbon Dioxide on Air Comfort (Mechanical Ventilation) 
 
Figure 4.80 - Surface Plot - Effect of Light, Carbon Dioxide on Air Comfort (Mechanical Ventilation) 
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4.4.6.10 Effect of Sound, Carbon Dioxide on Indoor Air Comfort 
(Mechanical Ventilation) and its impact on Productivity 
These plot lines (Figure 4.81, Figure 4.82) show the following: 
 Between sound and carbon dioxide, the sound has minimal effect on 
indoor air comfort and productivity. 
 Carbon dioxide has a significant effect on indoor air comfort and 
productivity. The optimum range of carbon dioxide range is 0 - 450 
ppm. 
 
Figure 4.81Contour Plot - Effect of Sound, Carbon Dioxide on Air Comfort (Mechanical Ventilation) 
 
Figure 4.82 Surface Plot - Effect of Sound, Carbon Dioxide on Air Comfort (Mechanical Ventilation) 
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4.4.6.11 Effect of Outside Relative Humidity, Carbon Dioxide on 
Indoor Air Comfort (Mechanical Ventilation) and its impact 
on Productivity 
The visuals show that: (Figure 4.83, Figure 4.84) that: 
 Both outside relative humidity and carbon dioxide affect indoor air 
comfort and productivity. 
 Higher outside relative humidity has a negative impact on air comfort 
and productivity. Optimum levels of outside relative humidity are below 
60%. 
 Higher carbon dioxide levels lead to lower air comfort and productivity. 
Optimum carbon dioxide level is observed to be below 600 ppm. 
 
Figure 4.83 Contour Plot - Effect of Outside R.H, Carbon Dioxide on Air Comfort (Mechanical Ventilation) 
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Figure 4.84 Surface Plot - Effect of Outside R.H, Carbon Dioxide on Air Comfort (Mech. Ventilation) 
4.4.6.12 Effect of Outside Temperature, Carbon Dioxide on 
Indoor Air Comfort (Mechanical Ventilation) and its impact 
on Productivity 
These charts show (Figure 4.85, Figure 4.86) that: 
 Both outside temperature and carbon dioxide have a negative 
correlation with indoor air comfort and productivity. 
 Optimum carbon dioxide levels are observed below 550 ppm. 
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Figure 4.85 Contour Plot - Effect of Outside Temperature, Carbon Dioxide on Air Comfort (Mech. Vent.) 
 
Figure 4.86 - Surface Plot - Effect of Outside Temperature, Carbon Dioxide on Air Comfort (Mech. Vent.) 
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4.4.6.13 Effect of Temperature, Carbon Dioxide on Indoor Air 
Comfort (Mechanical Ventilation) and its impact on 
Productivity 
These contour and surface plots (Figure 4.87, Figure 4.88) outline the 
following: 
 Carbon dioxide has a significant impact on indoor air quality and 
productivity. Optimum levels are observed up to 450 ppm. 
 Plots indicate the temperature does not have any significant effect on 
indoor air comfort. 
`  
Figure 4.87 Contour Plot - Effect of Temperature, Carbon Dioxide on Air Comfort (Mech. Vent.) 
 
Figure 4.88 Surface Plot - Effect of Temperature, Carbon Dioxide on Air Comfort (Mech. Vent.) 
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4.4.6.14 Effect of Relative Humidity, Carbon Dioxide on Indoor 
Air Comfort (Mechanical Ventilation) and its impact on 
Productivity 
The plot lines below (Figure 4.89, Figure 4.90) outline the following: 
 Carbon dioxide has a significant impact on indoor air quality, hence on 
occupant comfort and productivity. Optimum levels are observed 
below 550 ppm. 
 Between the relative humidity and carbon dioxide, relative humidity 
does not have a significant impact on indoor air comfort. 
 
Figure 4.89 Contour Plot - Effect of Relative Humidity, Carbon Dioxide on Air Comfort (Mech. Vent) 
 
Figure 4.90 - Surface Plot - Effect of Relative Humidity, Carbon Dioxide on Air Comfort (Mech. Vent.) 
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4.4.6.15 Effect of VOC, Carbon Dioxide on Indoor Air Comfort 
(Mechanical Ventilation) and its impact on Productivity 
The contour and surface plots below (Figure 4.91, Figure 4.92) highlight the 
following: 
 Carbon dioxide has a significant impact on indoor air quality as 
compared to VOC. Optimum levels of carbon dioxide are 500 ppm. 
 Between VOC carbon dioxide, VOC has a less significant effect on 
indoor air quality. 
 
Figure 4.91 Contour Plot - Effect of VOC, Carbon Dioxide on Air Comfort (Mechanical Ventilation) 
 
Figure 4.92 - Surface Plot - Effect of VOC, Carbon Dioxide on Air Comfort (Mechanical Ventilation) 
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4.4.7 Summary 
This question was aimed at identifying the influence of various physical 
environmental parameters on an occupant’s air comfort (mechanical 
ventilation) and their impact on productivity. Here are the primary results of 
the analysis: 
1. Carbon dioxide has a maximum effect on the occupant’s air comfort 
and also on productivity. 
2. Among other parameters, VOC, outside temperature, outside relative 
humidity and light are observed to have a direct or indirect influence 
on indoor air comfort and occupant productivity.  
3. Optimum comfort and productivity ranges are: 
a. Sound – 45-55 dB 
b. Relative Humidity – below 60% 
c. Carbon Dioxide – below 500 ppm 
d. VOC – Above 75% VOC free air 
e. Outside temperature – below 36°c 
f. Outside Relative Humidity: below 60% 
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4.5 Response Surface Regression for Indoor Air Comfort 
(VOC) and Productivity 
A response surface analysis of indoor air comfort was conducted to identify 
the input variables that influence an occupant’s perception of air freshness 
and VOC present, observing how it affects their productivity. It revealed the 
following: 
 P-values for the independent factors their square and 2-way 
interactions 
 R-square (coefficient of determination) 
 Residual Plots 
 Regression equation 
 Pareto chart 
 Contour plots 
 Surface Plots 
4.5.1 Analysis of Variance 
Source DF Adj SS Adj MS P-Value 
Model 25 483.334 19.333 0.000 
Linear 1 110.159 110.159 0.000 
VOC 1 110.159 110.159 0.000 
Square 3 7.418 2.473 0.000 
Relative Humidity*Relative Humidity 1 0.930 0.930 0.037 
Sound*Sound 1 0.770 0.770 0.058 
VOC*VOC 1 6.123 6.123 0.000 
2-Way Interaction 21 18.039 0.859 0.000 
Outside temperature*Light 1 0.812 0.812 0.052 
193 | P a g e  
 
Outside Relative Humidity*CO2 1 2.470 2.470 0.001 
Outside Relative Humidity*VOC 1 1.883 1.883 0.003 
Outside Relative Humidity*Do you sit near  (wall 
type): 
3 1.531 0.510 0.068 
Sound*Light 1 1.487 1.487 0.009 
Sound*Do you sit near  (wall type): 3 1.739 0.580 0.045 
CO2*VOC 1 1.673 1.673 0.005 
CO2*Do you sit near  (wall type): 3 3.093 1.031 0.003 
Light*Kind of Workspace 4 2.787 0.697 0.012 
VOC*Do you sit near  (wall type): 3 2.494 0.831 0.009 
Error 339 72.266 0.213    
Lack-of-Fit 335 71.266 0.213 0.678 
Pure Error 4 1.000 0.250    
Total 364 555.600       
Table 4.4 - Analysis of Variance - VOC 
The experiment was based on the following hypothesis, 
 H0 = Variable has no effect on occupant’s indoor air comfort (air 
freshness and VOC) and its impact on productivity. 
 Halt = Variable has an effect on occupant’s indoor air comfort (air 
freshness and VOC) and its impact on productivity. 
The ANOVA is done using α=0.1.  
If p-value ≥ 0.1, it indicates strong evidence of null hypothesis. 
If p-value ≤ 0.1, it indicates strong evidence against the null hypothesis, 
hence rejecting the null hypothesis.  
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Based on the ANOVA, the following factors influence an occupant’s air 
comfort (presence of toxin) and its impact on the productivity of occupants 
(Table 4.4): 
1. VOC 
2. Relative Humidity*Relative Humidity 
3. VOC*VOC 
4. CO2*CO2 
5. Outside Temperature*Light  
6. Outside Relative Humidity*CO2 
7. Outside Relative Humidity*VOC 
8. VOC*Wall type 
9. Sound*Light 
10. CO2*Wall type 
It can be observed that the above factors affect indoor air comfort both 
directly and indirectly. All of these factors have a different magnitude of 
influence, which is further discussed/ explained in Pareto charts. 
4.5.2 The Coefficient of Determination (Multiple Correlation 
Coefficient) 
The coefficient of determination (adjusted R-square) value is 86.03%. This 
indicates that 86% of the data fits the regression and there is a significant 
relationship between dependent and independent variables. 
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4.5.3 Residual Plots 
Residual plots are used to determine the fit of model data (Figure 4.93). 
 
Figure 4.93 - Residual Plots - VOC 
4.5.3.1 Normal probability plot 
The residuals in the figure above mostly follow the expected values 
(mainline). This indicates that residuals are normally distributed. 
4.5.3.2 Versus fits of fitted value plot 
The scatter of the residuals varies as the fitted value increases. It indicates 
that residuals are unequal. 
4.5.3.3 Residual Histogram 
The histogram figure above is observed to be closely shaped like a U- shaped 
histogram with few outliers. It indicates that the data is normally distributed. 
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4.5.3.4 Residual versus order plot 
Residuals in the above figure are between -1 to 1 and suggest no direct 
pattern. It indicates that regression assumptions are satisfied. 
4.5.4 Regression Equation 
Indoor 
chemical and 
pollutant 
= 2.5775 + 3.968 VOC 
- 0.289 Relative Humidity*Relative Humidity 
+ 0.237 Sound*Sound - 0.930 VOC*VOC 
- 0.343 Outside temperature*Light 
+ 0.412 Outside Relative Humidity*CO2 
+ 0.459 Outside Relative Humidity*VOC- 
0.214 Outside Relative Humidity*Do you sit near  (wall type):_1-
 0.0560 Outside Relative Humidity*Do you sit near  (wall typ 
e):_2+ 0.037 Outside Relative Humidity*Do you sit near  (wall typ
e):_3+ 0.2335 Outside Relative Humidity*Do you sit near  (wall typ 
e):_4 + 0.470 Sound*Light 
+ 0.209 Sound*Do you sit near  (wall type):_1 
+ 0.147 Sound*Do you sit near  (wall type):_2 
- 0.073 Sound*Do you sit near  (wall type):_3 
- 0.283 Sound*Do you sit near  (wall type):_4 + 0.400 CO2*VOC 
+ 0.083 CO2*Do you sit near  (wall type):_1 
- 0.3182 CO2*Do you sit near  (wall type):_2 
+ 0.159 CO2*Do you sit near  (wall type):_3 
+ 0.076 CO2*Do you sit near  (wall type):_4 
- 0.534 Light*Kind of Workspace_1 
+ 0.310 Light*Kind of Workspace_2 
- 0.055 Light*Kind of Workspace_3 
- 0.188 Light*Kind of Workspace_4 
+ 0.466 Light*Kind of Workspace_5 
+ 0.215 VOC*Do you sit near  (wall type):_1 
- 0.362 VOC*Do you sit near  (wall type):_2 
+ 0.277 VOC*Do you sit near  (wall type):_3 
- 0.131 VOC*Do you sit near  (wall type):_4 
4.5.4.1 Equation explanation 
The regression equation shows various variables that have an effect on 
occupant’s indoor air comfort and impact on productivity. It indicates that 
VOC, carbon dioxide, sound and outside relative humidity have an influence 
on an occupant’s indoor air comfort and also on their productivity. Along 
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with the factors mentioned above, few more linear, square and interactions 
contribute to the final output. 
As part of the analysis, various types of graphs have been used to show the 
impact of different input variables on the output variables.  
4.5.5 Pareto chart 
The Pareto chart represents the independent variable’s magnitude of effect 
on the output variable (Figure 4.94). The chart has set 1.65 (Standardized 
Effect) as the reference line to identify the variables that affect occupant’s 
indoor air comfort and its impact on productivity. 
 
Figure 4.94 - Pareto Chart – VOC 
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The chart shows that the following variables have a significant effect: 
1. VOC 
2. VOC*VOC 
3. Outside Relative Humidity*Carbon Dioxide 
4. Carbon Dioxide*Wall type 
5. Outside Relative Humidity*VOC 
6. Sound*VOC 
7. Sound*Light 
8. VOC*Wall type 
4.5.6 Contour and Surface Plots  
Contour and surface plots have been created to identify optimal results by 
showing the effect of two independent variables on the dependent variable. 
The researcher has only discussed the plots that show significant impacts on 
indoor air comfort and its impact on productivity. 
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4.5.6.1 Effect of light, VOC on Occupant’s Indoor Air Comfort (VOC) 
and its impact on Productivity 
Below contour and surface plots (Figure 4.95, Figure 4.96) highlight the 
following: 
 VOC has a direct effect on occupant’s air comfort and productivity. 
Optimum range is 70% VOC free air and above. 
 Light does not have any significant effect on occupant’s air comfort 
and productivity. 
 
Figure 4.95 Contour Plot - Effect of light, VOC on Occupant’s Air Comfort (VOC) 
 
Figure 4.96 - Surface Plot - Effect of light, VOC on Occupant’s Air Comfort (VOC) 
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4.5.6.2 Effect of Carbon Dioxide, VOC on Occupant’s Indoor Air 
Comfort (VOC) and its impact on Productivity 
Below show contour and surface plot lines (Figure 4.97, Figure 4.98) that 
present the following: 
 VOC has a direct impact on occupant’s indoor air comfort. The 
optimum level is 80% VOC free air and above. 
 Between Carbon Dioxide and VOC, carbon dioxide does not have a 
significant impact on indoor air comfort and occupant’s perception of 
toxins and also on productivity. 
 
Figure 4.97 Contour Plot - Effect of Carbon Dioxide, VOC on Occupant’s Indoor Air Comfort (VOC) 
 
Figure 4.98 Surface lot - Effect of Carbon Dioxide, VOC on Occupant’s Air Comfort (VOC) 
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4.5.6.3 Effect of Sound, VOC on Occupant’s Indoor Air Comfort 
(VOC) and its impact on Productivity 
The contour and surface plot lines, below, (Figure 4.99, Figure 4.100) outline 
the following: 
 VOC has a direct effect on an occupant’s indoor air comfort. The 
optimum level is 75% VOC free air and above.  
 Sound does not have a direct impact on indoor air comfort and 
productivity. 
 
Figure 4.99 - Contour Plot - Effect of Sound, VOC on Occupant’s Air Comfort (VOC) 
 
Figure 4.100 - Surface Plot - Effect of Sound, VOC on Occupant’s Air Comfort (VOC) 
Relative Humidity 52.215
Outside temperature 28.75
Outside Relative Humidity 46.75
CO2 698.995
Light 235.54
Kind of Workspace 1
Do you sit near  (wall type): 1
Hold Values
Sound
V
O
C
656055504540
90
80
70
60
50
40
30
20
>  
–  
–  
–  
–  
<  -2
-2 0
0 2
2 4
4 6
6
pollutant
and
chemical
Indoor
Contour Plot of Indoor chemical and pollutant vs VOC, Sound
Relative Humidity 52.215
Outside temperature 28.75
Outside Relative Humidity 46.75
CO2 500
Light 300
Kind of Workspace 1
Do you sit near  (wall type): 1
Hold Values
3-
0
3
40
05
06
09
60
30
07
6
tnatullop dna lacim
COV
dnuoS
urface Plot of Indoor chemicS a  and pollutant vs VOC, Soundl
202 | P a g e  
 
4.5.6.4 Effect of outside Relative Humidity, VOC on Occupant’s 
Indoor Air Comfort (VOC) and its impact on Productivity 
These charts show that (Figure 4.101Figure 4.102): 
 VOC has a direct impact on occupant’s indoor air comfort. The 
optimum level is 75% VOC free air and above. 
 Between Outside Relative Humidity and VOC, Outside Relative 
Humidity has no perceivable impact on occupant’s indoor air comfort 
(toxins) and its impact on productivity.  
 
Figure 4.101 - Contour Plot - Effect of outside R.H., VOC on Occupant’s Air Comfort (VOC) 
 
Figure 4.102 - Surface Plot - Effect of outside R.H., VOC on Occupant’s Air Comfort (VOC) 
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4.5.6.5 Effect of outside Relative Humidity, Carbon Dioxide on 
Occupant’s Indoor Air Comfort (VOC) and its impact on 
Productivity 
Below, the plot lines present the following: 
 Carbon Dioxide has a significant impact on occupant’s air comfort 
and productivity. Maximum levels of productivity are observed at 450 
ppm and below. 
 Between outside relative humidity and carbon dioxide, outside relative 
humidity has no significant impact on air comfort and productivity. 
 
Figure 4.103 – Contour Plot - Effect of outside R.H., Carbon Dioxide on Occupant’s Air Comfort (VOC) 
 
Figure 4.104 Surface Plot - Effect of outside R.H., Carbon Dioxide on Occupant’s Air Comfort (VOC) 
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4.5.6.6 Effect of outside Relative Humidity, Carbon Dioxide on 
Occupant’s Indoor Air Comfort (VOC) and its impact on 
Productivity 
These graphs demonstrate that: 
 VOC has a direct effect on occupant air comfort and productivity. The 
optimum range of VOC is observed to be 75% VOC free air and above. 
 Between VOC and outside temperature, outside temperature has no 
significant impact on occupant’s air comfort and productivity.   
 
Figure 4.105 - Contour Plot - Effect of outside R.H., Carbon Dioxide on Occupant’s Air Comfort (VOC) 
 
Figure 4.106 - Surface Plot - Effect of outside R.H., Carbon Dioxide on Occupant’s Air Comfort (VOC) 
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4.5.6.7 Effect of VOC, Relative Humidity on Occupant’s Indoor Air 
Comfort (VOC) and its impact on Productivity 
In these charts, we can see that: 
 VOC has a significant effect on occupant’s indoor air comfort and its 
impact on productivity. 
 Relative humidity does not affect occupant’s indoor air comfort and 
productivity. 
 
Figure 4.107 - Contour Plot - Effect of VOC, Relative Humidity on Occupant’s Indoor Air Comfort (VOC) 
 
Figure 4.108 - Surface Plot Effect of VOC, Relative Humidity on Occupant’s Indoor Air Comfort (VOC) 
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4.5.7 Summary 
This question was aimed to identify the influence of various physical 
environmental parameters on an occupant’s air comfort (VOC) and their 
impact on productivity. The main results from the analysis are that: 
1. VOC has a maximum and direct effect on an occupant’s air comfort 
and productivity. 
2. Among other parameters, carbon dioxide and outside relative humidity 
also have some impact on occupant air comfort levels and impact on 
their productivity. 
3. Optimum range: 
a. VOC – 75% VOC free air and above. 
b. Carbon Dioxide – 450 ppm and below. 
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4.6 Response Surface Regression analysis for Acoustic 
Comfort and Productivity 
A response surface analysis of acoustic comfort was carried out to identify 
the input variables that influence an occupant’s acoustic comfort and how it 
affects their productivity. It produced the following: 
 P-values for the independent factors their square and 2-way 
interactions 
 R square (coefficient of determination) 
 Residual Plots 
 Regression equation 
 Pareto Chart 
 Contour plots 
 Surface Plots 
 Summary 
4.6.1 Analysis of Variance 
Source DF Adj SS Adj MS P-Value 
Model 37 436.749 11.804 0.000 
  Linear 14 195.276 13.948 0.000 
    Sound 1 129.971 129.971 0.000 
    Light 1 0.894 0.894 0.036 
    VOC 1 3.310 3.310 0.000 
    Temperature 1 2.190 2.190 0.001 
    Outside temperature 1 0.415 0.415 0.153 
    Outside Relative Humidity 1 1.624 1.624 0.005 
    CO2 1 0.064 0.064 0.573 
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    Kind of Workspace 4 1.134 0.283 0.233 
    Do you sit near  (wall type): 3 0.463 0.154 0.515 
  Square 3 15.545 5.182 0.000 
    Sound*Sound 1 14.838 14.838 0.000 
    VOC*VOC 1 1.740 1.740 0.004 
    Temperature*Temperature 1 3.171 3.171 0.000 
  2-Way Interaction 20 12.839 0.642 0.000 
    Sound*VOC 1 1.312 1.312 0.011 
    Sound*Temperature 1 1.127 1.127 0.019 
    Light*CO2 1 1.818 1.818 0.003 
    VOC*Temperature 1 0.797 0.797 0.048 
    Temperature*Kind of Workspace 4 2.799 0.700 0.009 
    Outside temperature*Outside Relative Humidity 1 0.709 0.709 0.062 
    Outside temperature*Kind of Workspace 4 1.940 0.485 0.050 
    Outside Relative Humidity*Kind of Workspace 4 2.705 0.676 0.011 
    Outside Relative Humidity*Do you sit near  (wall 
type): 
3 2.012 0.671 0.020 
Error 327 66.057 0.202    
  Lack-of-Fit 323 65.557 0.203 0.349 
  Pure Error 4 0.500 0.125    
Total 364 502.805       
Table 4.5 - Analysis of Variance - Acoustic Comfort 
The experiment was based on the following hypothesis, 
 H0 = Variable does not affect occupant’s acoustic comfort and its 
impact on productivity. 
 Halt = Variable affects occupant’s acoustic comfort and its impact on 
productivity. 
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The ANOVA is done using α=0.1.  
If p-value ≥ 0.1, it indicates strong evidence of null hypothesis. 
If p-value ≤ 0.1, it indicates strong evidence against the null hypothesis, 
hence rejecting the null hypothesis.  
Based on the ANOVA, the following factors affect occupant’s acoustic 
comfort and its impact on the productivity of occupants (Table 4.5): 
1. Sound 
2. Light 
3. VOC 
4. Temperature 
5. Outside Relative Humidity 
6. Sound*Sound 
7. VOC*VOC 
8. Sound*VOC 
9. Sound*Temperature 
10. Light*CO2 
11. VOC*Temperature 
12. Temperature*Type of Workspace 
The above factors affect acoustic comfort both directly and indirectly. All of 
these factors have a different magnitude of influence. The level of 
magnitude would be highlighted in Pareto charts. 
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4.6.2 The Coefficient of Determination (Multiple Correlation 
Coefficient) 
Coefficient of determination (adjusted R-square) value is 85.38%. It indicates 
that 85% of the data fits the regression and there is a significant relationship 
between dependent and independent variables. 
4.6.3 Residual Plots 
Residual plots are used to determine the fit of model data. Below are the 
residual plots for Acoustic quality. 
 
Figure 4.109 – Residual Plots – Acoustic Quality 
4.6.3.1 Normal Probability Plot 
The residuals in the figure above follow the expected values (mainline). It 
indicates that residuals are normally distributed. 
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4.6.3.2 Versus Fits of Fitted Value Plot 
The scatter of the residuals varies as the fitted value increases. It indicates 
that the residuals are unequal. 
4.6.3.3 Residual Histogram 
The histogram figure above is observed to be spread over a central area. It is 
a wide U-shaped histogram with few outliers. It indicates that data is normally 
distributed. 
4.6.3.4 Residual versus Order Plot 
Residuals in the above figure are between -1 to 1 and suggest no pattern. It 
indicates that regression assumptions are satisfied. 
4.6.4 Regression Equation 
Acoustic 
quality 
= 26.65 - 0.5323 Sound + 0.00348 Light + 0.0509 VOC - 0.890 Temperature 
+ 0.0427 Outside temperature + 0.02693 Outside Relative Humidity 
+ 0.001642 CO2 + 2.87 Kind of Workspace_1 - 0.222 Kind of Workspace_2 
+ 0.193 Kind of Workspace_3 - 1.77 Kind of Workspace_4 
- 1.07 Kind of Workspace_5 - 0.504 Do you sit near  (wall type):_1 
+ 0.309 Do you sit near  (wall type):_2 
+ 0.267 Do you sit near  (wall type):_3 
- 0.073 Do you sit near  (wall type):_4 + 0.005809 Sound*Sound 
- 0.000312 VOC*VOC + 0.02229 Temperature*Temperature -
 0.000809 Sound*VOC 
- 0.00700 Sound*Temperature - 0.000006 Light*CO2 
+ 0.001758 VOC*Temperature - 0.0668 Temperature*Kind of Workspace_1 
+ 0.0722 Temperature*Kind of Workspace_2 
+ 0.0710 Temperature*Kind of Workspace_3 
+ 0.1208 Temperature*Kind of Workspace_4 
- 0.1972 Temperature*Kind of Workspace_5 
- 0.000453 Outside temperature*Outside Relative Humidity 
- 0.0147 Outside temperature*Kind of Workspace_1 
- 0.0374 Outside temperature*Kind of Workspace_2 
- 0.0373 Outside temperature*Kind of Workspace_3 
- 0.0307 Outside temperature*Kind of Workspace_4 
+ 0.1201 Outside temperature*Kind of Workspace_5 
- 0.02028 Outside Relative Humidity*Kind of Workspace_1 
- 0.00671 Outside Relative Humidity*Kind of Workspace_2 
- 0.01333 Outside Relative Humidity*Kind of Workspace_3 
- 0.00297 Outside Relative Humidity*Kind of Workspace_4 
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+ 0.0433 Outside Relative Humidity*Kind of Workspace_5 
+ 0.01123 Outside Relative Humidity*Do you sit near  (wall type):_1 
- 0.00723 Outside Relative Humidity*Do you sit near  (wall type):_2 
- 0.00389 Outside Relative Humidity*Do you sit near  (wall type):_3 
- 0.00011 Outside Relative Humidity*Do you sit near  (wall type):_4 
 
4.6.4.1 Equation Explanation 
The regression equation shows various variables that affect occupant’s 
acoustic comfort and its impact on productivity. It shows that sound levels, 
VOC and temperature influence an occupant’s acoustic comfort and the 
impact on productivity. Along with the factors mentioned above, few more 
linear, square and interactions contribute to the final output.  
As part of the analysis, various types of graphs have been used to show the 
impact of different input variables on the output variables.  
4.6.5 Pareto Chart 
A Pareto chart is used to present the independent variable’s magnitude of 
effect on the output variable. The chart has set 1.65 (Standardized Effect) as 
the reference line to identify variables that have an effect on occupant 
visual comfort and its impact on productivity. 
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Figure 4.110 - Pareto Chart - Acoustic Quality 
The following variables have a significant effect (direct and indirect) on an 
occupant’s acoustic comfort: 
1. Sound (maximum effect) 
2. Sound*Sound 
3. VOC 
4. Temperature*Temperature 
5. Temperature 
6. Light*CO2 
7. VOC*VOC 
8. Outside Relative Humidity 
9. Temperature*Kind of Workspace 
10. Outside Relative Humidity*Type of Workspace 
11. Sound*VOC 
12. Sound*Temperature 
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4.6.6 Contour and Surface Plots  
Contour and surface plots have been created to identify optimal results by 
showing the effect of two independent variables on the dependent variable. 
The researcher has only discussed the plots that show important impacts on 
acoustic comfort and its impact on productivity. 
4.6.6.1 Effect of Carbon Dioxide, Sound on Acoustic Comfort and its 
impact on Productivity 
Below are surface and contour plot lines (Figure 4.111, Figure 4.112), which 
outline the following: 
 Sound has a significant effect on acoustic comfort and its impact on 
productivity. The sound level that contributes to optimum comfort and 
productivity is 42dB and below. 
 Carbon dioxide has no significant effect on acoustic comfort and 
productivity. 
 
Figure 4.111 - Contour Plot - Effect of Carbon Dioxide, Sound on Acoustic Comfort 
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Figure 4.112 - Surface Plot - Contour Plot - Effect of Carbon Dioxide, Sound on Acoustic Comfort 
4.6.6.2 Effect of outside Relative Humidity, Sound on Acoustic 
Comfort and its impact on Productivity 
Below are contour and surface plot lines (Figure 4.113, Figure 4.114), which 
present the following: 
 Both sound and outside relative humidity affect acoustic comfort and 
its impact on productivity. The optimum sound level that contributes 
positively to acoustic comfort and productivity is up to 45dB 
 The outside relative humidity is observed to have interaction/second 
level effect on acoustic comfort and productivity. Low outside relative 
humidity has a negative impact on acoustic comfort and productivity. 
A plausible explanation towards this can be related to day and night 
time. While outside relative humidity is not directly affecting acoustic 
comfort. During the daytime, outside relative humidity is lower and 
sound levels are higher. While at night, outside relative humidity is 
higher and sound levels are lower. Thus, this is a correlation.  
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Figure 4.113 - Contour Plot - Effect of Outside R.H., Sound on Acoustic Comfort 
 
Figure 4.114 - Surface Plot - Effect of Outside R.H., Sound on Acoustic Comfort 
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4.6.6.3 Effect of outside Relative Humidity, Sound on Acoustic 
Comfort and its impact on Productivity 
The contour and surface plot lines, below, (Figure 4.115, Figure 4.116) outline 
that: 
 Sound has a significant impact on acoustic comfort. Optimum levels 
are up to 44dB.  
 Outside temperature does not have any effect on acoustic comfort. 
 
Figure 4.115 - Contour Plot - Effect of outside R.H., Sound on Acoustic Comfort 
 
Figure 4.116 - Surface Plot - Effect of outside R.H., Sound on Acoustic Comfort 
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4.6.6.4 Effect of Temperature, Sound on Acoustic Comfort and its 
impact on Productivity 
These charts (Figure 4.117, Figure 4.118) show that: 
 Sound has a significant effect on acoustic comfort. Optimum levels are 
up to 45dB.  
 Temperature does not have a direct effect on acoustic comfort, but it 
appears that occupants responded negatively to similar acoustic 
conditions when the temperature is in a comfortable range. When the 
temperature is on the uncomfortable side (22°c and below, 26°c and 
above), they tend to focus on thermal discomfort. It could be 
postulated that when occupants are comfortable, thermally, they tend 
to identify other discomforts in the environment.  
 
Figure 4.117 - Contour Plot - Effect of Temperature, Sound on Acoustic Comfort 
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Figure 4.118 - Surface Plot - Effect of Temperature, Sound on Acoustic Comfort 
4.6.6.5 Effect of VOC, Sound on Acoustic Comfort and its impact 
on Productivity 
These charts (Figure 4.119, Figure 4.120) show that: 
 Both VOC and sound have a significant effect on acoustic comfort 
and also impact upon productivity. Optimum levels are up to 42dB.  
 It is observed that VOC has an indirect influence on acoustic comfort. 
The plots show that a lower level of VOC gets a negative response from 
occupants.  
 
Figure 4.119 - Contour Plot - Effect of VOC, Sound on Acoustic Comfort 
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Figure 4.120 - Surface Plot - Effect of VOC, Sound on Acoustic Comfort 
4.6.6.6 Effect of Light, Sound on Acoustic Comfort and its impact 
on Productivity 
Below, the contour and surface plots (Figure 4.121, Figure 4.122) outline the 
following: 
 Sound has a significant effect on acoustic comfort and also impacts 
productivity. Optimum levels are up to 47dB.  
 It is observed that light does not have any significant impact on 
acoustic comfort. 
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Figure 4.121 - Contour Plot - Effect of Light, Sound on Acoustic Comfort 
 
Figure 4.122 - Surface Plot - Effect of Light, Sound on Acoustic Comfort 
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4.6.7 Summary  
This question was aimed to identify the influence of various physical 
environmental parameters on occupant acoustic comfort levels and how it 
impacts on productivity. 
Primary results of the analysis: 
1. It is observed that sound has the most effect on occupant’s acoustic 
comfort and its impact on productivity. 
2. Derived regression equation can be used to determine the occupant’s 
acoustic comfort levels in a similar geographic and climatic context.  
3. The optimum levels (positive, very positive) of acoustic comfort are 
observed up to 45 dB and below. 
4. Amongst other factors, VOC, temperature and outside relative 
humidity seem to have an indirect effect on occupant’s acoustic 
comfort and productivity. 
5. This analysis also highlights that when occupants are thermally 
comfortable, they have a greater tendency to identify other 
discomforts. 
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4.7 Response Surface Regression for lighting comfort 
(illumination levels) and Productivity 
A response surface analysis of visual comfort was carried out to identify the 
input variables that influence an occupant’s perception of visual comfort 
and how it affects their productivity. It produced the following: 
 P-values for the independent factors their square and 2-way 
interactions 
 R square (coefficient of determination) 
 Residual Plots 
 Regression equation 
 Pareto Chart 
 Contour plots 
 Surface Plots 
 Summary 
4.7.1 Analysis of Variance 
Source DF Adj SS Adj MS P-Value 
Model 32 398.810 12.463 0.000 
Linear 15 339.603 22.640 0.000 
Light 1 249.376 249.376 0.000 
Temperature 1 2.203 2.203 0.002 
Relative Humidity 1 2.196 2.196 0.002 
Outside temperature 1 0.048 0.048 0.651 
Outside Relative Humidity 1 0.045 0.045 0.661 
CO2 1 0.174 0.174 0.387 
Sound 1 1.258 1.258 0.020 
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VOC 1 0.591 0.591 0.111 
Kind of Workspace 4 2.408 0.602 0.036 
Do you sit near  (wall type): 3 1.755 0.585 0.058 
Square 3 8.414 2.805 0.000 
Light*Light 1 4.312 4.312 0.000 
Temperature*Temperature 1 1.493 1.493 0.012 
VOC*VOC 1 1.872 1.872 0.005 
2-Way Interaction 14 12.064 0.862 0.000 
Temperature*CO2 1 1.182 1.182 0.025 
Relative Humidity*Outside Relative Humidity 1 2.469 2.469 0.001 
Relative Humidity*Kind of Workspace 4 2.344 0.586 0.041 
Outside temperature*CO2 1 2.755 2.755 0.001 
Outside temperature*VOC 1 2.217 2.217 0.002 
Outside temperature*Do you sit near  (wall 
type): 
3 2.672 0.891 0.010 
Outside Relative Humidity*CO2 1 4.396 4.396 0.000 
Outside Relative Humidity*VOC 1 1.553 1.553 0.010 
CO2*VOC 1 1.875 1.875 0.005 
Error 332 77.042 0.232  
Lack-of-Fit 328 75.542 0.230  
Pure Error 4 1.500 0.375  
Total 364 475.852     
Table 4.6 – Illumination Level (Lighting Comfort) 
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The experiment was based on the following hypothesis, 
 H0 = Variable has no effect on occupant’s visual comfort (artificial light) 
and its impact on productivity. 
 Halt = Variable has an effect on occupant’s visual comfort (artificial 
light) and its impact on productivity. 
The ANOVA is done using α=0.1.  
If p-value ≥ 0.1, it indicates strong evidence of null hypothesis. 
If p-value ≤ 0.1, it indicates strong evidence against the null hypothesis, 
hence rejecting the null hypothesis.  
Based on the ANOVA, the following factors have an effect on occupant 
visual comfort levels (illumination levels) and its impact on the productivity of 
occupants (Table 4.6): 
1. Light 
2. Temperature 
3. Relative Humidity 
4. Sound 
5. Kind of workspace 
6. Wall type 
7. Light*Light 
8. Temperature*Temperature 
9. VOC*VOC 
10. Temperature*CO2 
11. Relative Humidity*Outside Relative Humidity 
12. Relative Humidity *Kind of Workspace 
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13. Outside Temperature*CO2 
14. Outside Relative Humidity*CO2 
Above factors affect visual comfort both directly and indirectly. All these 
factors have a different magnitude of influence. The level of magnitude 
would be highlighted in Pareto charts. 
4.7.2 Coefficient of Determination (Multiple correlation coefficient) 
The coefficient of determination (adjusted R-square) value is 82.25%. It 
indicates that 82% of the data fits the regression and there is a significant 
relationship between dependent and independent variables. 
4.7.3 Residual Plots 
Residual plots are used to determine the fit of model data (Figure 4.123).  
 
Figure 4.123 – Residual Plots – Artificial Light (Illumination Level) 
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4.7.3.1 Normal probability plot 
The residuals in the figure above follow the expected values (mainline). It 
indicates that residuals are normally distributed. 
4.7.3.2 Versus fits of fitted value plot 
The scatter of the residuals varies as the fitted value increases. It indicates 
that residuals are unequal. 
4.7.3.3 Residual Histogram plot 
The histogram figure above is observed to be spread over the central area. It 
is a wide U-shaped histogram with few outliers. It indicates that data is 
normally distributed. 
4.7.3.4 Residual versus order plot 
The residuals in the above figure are between -1 to 1 and suggest no pattern. 
It indicates that regression assumptions are satisfied. 
4.7.4 Regression Equation 
Artificial light 
level 
= -0.42 + 0.01601 Light + 0.580 Temperature -
 0.00767 Relative Humidity 
- 0.1898 Outside temperature - 0.0960 Outside Relative Humidity 
- 0.00173 CO2 + 0.01316 Sound - 0.0064 VOC 
+ 0.150 Kind of Workspace_1 + 0.376 Kind of Workspace_2 
- 0.659 Kind of Workspace_3 - 0.185 Kind of Workspace_4 
+ 0.318 Kind of Workspace_5 -
 1.219 Do you sit near  (wall type):_1 
- 0.023 Do you sit near  (wall type):_2 
+ 1.183 Do you sit near  (wall type):_3 
+ 0.058 Do you sit near  (wall type):_4 - 0.000012 Light*Light 
- 0.01097 Temperature*Temperature - 0.000313 VOC*VOC 
- 0.000164 Temperature*CO2 
+ 0.000448 Relative Humidity*Outside Relative Humidity 
- 0.00338 Relative Humidity*Kind of Workspace_1 
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- 0.00745 Relative Humidity*Kind of Workspace_2 
+ 0.00844 Relative Humidity*Kind of Workspace_3 
+ 0.0053 Relative Humidity*Kind of Workspace_4 
- 0.00295 Relative Humidity*Kind of Workspace_5 
+ 0.000144 Outside temperature*CO2 
+ 0.001424 Outside temperature*VOC 
+ 0.0348 Outside temperature*Do you sit near  (wall type):_1 
- 0.00204 Outside temperature*Do you sit near  (wall type):_2 
- 0.0326 Outside temperature*Do you sit near  (wall type):_3 
- 0.00024 Outside temperature*Do you sit near  (wall type):_4 
+ 0.000069 Outside Relative Humidity*CO2 
+ 0.000432 Outside Relative Humidity*VOC - 0.000035 CO2*VOC 
 
4.7.4.1 Equation explanation 
The regression equation shows various variables that have an effect on 
occupant’s visual comfort and its impact on productivity. This demonstrates 
that light levels, temperature (both indoor and outdoor) and outside relative 
humidity influence occupant’s visual comfort and its impact on productivity. 
Along with the factors mentioned above, a few more linear, square and 
interactions contribute to the final output.  
As part of the analysis, various types of graphs are used to show the impact of 
different input variable on the output variable.  
4.7.5 Pareto chart 
A Pareto chart is used to present the independent variable’s magnitude of 
effect on the output variable (Figure 4.124). The chart has set 1.65 
(standardised effect) as the reference line to identify variables that have an 
effect on occupant visual comfort and its impact on productivity. 
229 | P a g e  
 
 
Figure 4.124 – Pareto Chart – Artificial Light 
The following variables have a significant effect upon an occupant’s visual 
comfort: 
1. Light levels (maximum effect) 
2. Outside Relative Humidity*Carbon Dioxide 
3.  Light*Light 
4. Outside Temperature*Carbon Dioxide 
5. Relative Humidity*Outside Relative Humidity 
6. Outside Temperature*VOC 
7. Temperature 
8. Relative Humidity 
9. CO2*VOC 
10. Temperature*Temperature 
11. Sound 
230 | P a g e  
 
4.7.6 Contour and Surface Plots  
The contour and surface plot lines are used to identify optimal results by 
showing the effect of two independent variables on the dependent variable. 
The researcher has only highlighted the plots that show important impacts or 
results on visual comfort and its impact on productivity. 
4.7.6.1 Effect of Outside Temperature, Outside Relative Humidity on 
Visual Comfort and its impact on Productivity 
Below are contour and surface plot lines (Figure 4.125, Figure 4.126) that 
outline the following: 
 Both outside temperature and outside relative humidity have an effect 
on occupant visual comfort and productivity 
 The higher outside temperature has a positive impact on visual 
comfort. It indicates that during the daytime, when outside light and 
temperature is higher, it leads to better Lux levels indoor as well.  
 A higher outside relative has a negative effect on light levels. 
231 | P a g e  
 
 
Figure 4.125 – Contour Plot - Effect of Outside Temperature, Outside R.H. on Visual Comfort 
 
Figure 4.126 - Surface Plot - Effect of Outside Temperature, Outside R.H. on Visual Comfort 
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4.7.6.2 Effect of Temperature, Carbon Dioxide on Visual Comfort 
and its impact on Productivity 
These contour and surface plots (Figure 4.127, Figure 4.128) show that: 
 Temperature and carbon dioxide influence visual comfort and its 
impact on productivity. 
 Temperature range between 20 - 27°c has a very positive influence on 
visual comfort. 
 Carbon dioxide range has a very positive effect when 550 ppm and 
below. 
 The plot lines explain that discussed variables have a direct influence 
on visual comfort. The comfort window is extensive. Carbon dioxide has 
neutral comfort up to 1000 ppm, and the temperature is from19-29°c.  It 
indicates that these variables have an indirect effect on visual comfort 
and productivity. 
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Figure 4.127 - Contour Plot - Effect of Temperature, Carbon Dioxide on Visual Comfort 
 
Figure 4.128 - Surface Plot - Effect of Temperature, Carbon Dioxide on Visual Comfort 
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4.7.6.3 Effect of Temperature, Outside Relative Humidity on Visual 
Comfort and its impact on Productivity 
Below are contour and surface plots (Figure - 4.129, Figure - 4.130) that outline 
the following: 
 Temperature and outside relative humidity influence visual comfort and 
hence impacts on productivity. It can be noticed that visual comfort 
decreases as temperature and outside relative humidity increases. 
 The optimum range of temperature and outside relative humidity is vast 
(21- 29°c). It indicates that both these variables have an indirect effect 
on visual comfort and productivity. 
 
Figure - 4.129 - Contour Plot - Effect of Temperature, Outside R.H. on Visual Comfort 
Light 300
Relative Humidity 52.215
Outside temperature 28.75
CO2 500
Sound 52.07
VOC 75
Kind of Workspace 2
Do you sit near  (wall type): 1
Hold Values
Temperature
O
u
ts
id
e
 R
e
la
ti
v
e
 H
u
m
id
it
y
2826242220
80
70
60
50
40
30
20
10
>  
–  
–  
–  
–  
<  3.4
3.4 3.6
3.6 3.8
3.8 4.0
4.0 4.2
4.2
light level
Artifical
Contour Plot of Artifical li vs Outside Relative Humidity, Temperature
235 | P a g e  
 
 
Figure - 4.130 - Surface Plot - Effect of Temperature, Outside R.H. on Visual Comfort 
4.7.6.4 Effect of Temperature, Outside Temperature on Visual 
Comfort and its impact on Productivity 
These charts (Figure - 4.131, Figure - 4.132) show that: 
 Outside temperature influences visual comfort. Both temperature and 
daylight are high during the day time in Qatar, which results in 
improved visual comfort. 
 Between the outside temperature and indoor temperature, the indoor 
temperature has less effect on visual comfort. Plots indicate that the 
best performance is between 22-24°c. 
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Figure - 4.131 - Contour Plot - Effect of Temperature, Outside Temperature on Visual Comfort 
 
Figure - 4.132- Surface Plot - Effect of Temperature, Outside Temperature on Visual Comfort 
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4.7.6.5 Effect of VOC, Light on Visual Comfort and its impact on 
Productivity 
Below are contour and surface plot lines (Figure -  4.133, Figure -  4.134) that 
reveal the following: 
 VOC does not show any effect on visual comfort. 
 Light levels have a significant impact on visual comfort. The plot 
indicates that lighting level has a significant impact on visual comfort. 
The optimum lighting levels are 350-450 Lux.  
 
Figure -  4.133 - Contour Plot - Effect of VOC, Light on Visual Comfort 
 
Figure -  4.134 -Surface Plot - Effect of VOC, Light on Visual Comfort 
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4.7.6.6 Effect of Sound, Light on Visual Comfort and its impact on 
Productivity 
These charts (Figure - 4.135, Figure - 4.136) show the following: 
 The plot lines indicate that sound does not have a significant effect on 
visual comfort. 
 Lighting levels have a direct effect on visual comfort, and the optimum 
range is 325 - 450 Lux. 
 
Figure - 4.135 - Contour Plot - Effect of Sound, Light on Visual Comfort 
 
Figure - 4.136 - Surface Plot - Effect of Sound, Light on Visual Comfort 
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4.7.6.7 Effect of Outside Relative Humidity, Light on Visual Comfort 
and its impact on Productivity 
These contour and surface plots (Figure - 4.137, Figure - 4.138) outline the 
following: 
 Outside relative humidity does not have a significant effect on visual 
comfort. 
 Light levels have a direct effect on visual comfort, and the optimum 
range is 275 - 450 Lux. 
 
Figure - 4.137 - Contour Plot - Effect of Outside R.H., Light on Visual Comfort 
 
Figure - 4.138 - Surface Plot - Effect of Outside R.H., Light on Visual Comfort 
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4.7.6.8 Effect of Outside Temperature, Light on Visual Comfort and 
its impact on Productivity 
These contour and surface plots (Figure - 4.139, Figure - 4.140) show that: 
 Outside temperature does not have a significant effect on visual 
comfort. 
 Light levels have a direct effect on visual comfort, and optimum range 
is 350 - 450 Lux. 
 
Figure - 4.139 – Contour Plot - Effect of Outside Temperature, Light on Visual Comfort 
 
Figure - 4.140- Surface Plot - Effect of Outside Temperature, Light on Visual Comfort 
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4.7.6.9 Effect of Relative Humidity, Light on Visual Comfort and its 
impact on Productivity 
These charts outline the following: 
 Relative humidity does not have a significant effect on visual comfort. 
 Light levels have a direct effect on visual comfort, and optimum range 
is 325 - 450 Lux. 
 
Figure - 4.141 - Contour Plot - Effect of Relative Humidity, Light on Visual Comfort 
 
Figure - 4.142 - Surface Plot - Effect of Relative Humidity, Light on Visual Comfort 
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4.7.6.10 Effect of Relative Humidity, Light on Visual Comfort and 
its impact on Productivity 
The contour and surface plots, below, (Figure - 4.143Figure - 4.144) outline the 
following: 
 Temperature does not have a significant effect on visual comfort. 
 Light levels have a direct effect on visual comfort, and optimum range 
is 325 - 450 Lux. 
 
Figure - 4.143 – Contour Plot - Effect of Relative Humidity, Light on Visual Comfort 
 
Figure - 4.144 - Surface Plot - Effect of Relative Humidity, Light on Visual Comfort 
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4.7.7 Summary  
This question was aimed at identifying the influence of various physical 
environmental parameters on occupant visual comfort and their impact on 
productivity. 
Here are the primary results of the analysis: 
1. It is observed that the lux level has a maximum effect on occupant 
visual comfort and impact positively on productivity. 
2. A derived regression equation can be used to determine the occupant 
visual comfort in a similar geographic and climatic context.  
3. The optimum level of light (positive, very positive) for visual comfort is 
from 300 - 450 Lux.  
4. Amongst other factors, higher outside temperature also has a positive 
correlation with visual comfort. During the daytime, the temperature is 
higher due to sunlight. It also contributes to higher daylight levels, 
which can affect indoor illumination.  
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4.8 Response Surface Regression for Visual Comfort 
(Natural Light) and Productivity 
A response surface analysis of visual comfort was done to identify the input 
variables that influence occupant visual comfort (natural light) and its impact 
on their productivity. This question was focused on natural light within visual 
comfort. 
 P-values for the independent factors their square and 2-way 
interactions 
 R-square (coefficient of determination) 
 Residual Plots 
 Regression equation 
 Pareto Chart 
 Summary 
 
4.8.1 Analysis of Variance 
Source DF Adj SS Adj MS P-Value 
Model 25 887.938 35.518 0.000 
Linear 12 696.147 58.012 0.000 
Light 1 0.289 0.289 0.090 
Temperature 1 0.179 0.179 0.181 
Relative Humidity 1 0.134 0.134 0.247 
Outside temperature 1 0.488 0.488 0.028 
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Outside Relative Humidity 1 0.001 0.001 0.907 
Kind of Workspace 4 0.197 0.049 0.741 
Do you sit near  (wall type): 3 564.186 188.062 0.000 
Square 2 1.772 0.886 0.000 
Temperature*Temperature 1 0.331 0.331 0.069 
Outside Relative Humidity*Outside 
Relative Humidity 
1 1.418 1.418 0.000 
2-Way Interaction 11 4.278 0.389 0.000 
Light*Do you sit near  (wall type): 3 0.917 0.306 0.028 
Temperature*Kind of Workspace 4 1.068 0.267 0.032 
Relative Humidity*Do you sit near  (wall 
type): 
3 0.884 0.295 0.033 
Outside temperature*Outside Relative 
Humidity 
1 1.053 1.053 0.001 
Error 339 33.799 0.100    
Lack-of-Fit 335 33.299 0.099 0.713 
Pure Error 4 0.500 0.125  
Total 364 921.7     
Table - 4.7 – Analysis of Variance – Natural Light – Visual Comfort 
The experiment was based on the following hypothesis, 
 H0 = Variable has no effect on occupant’s visual comfort (natural light) 
and its impact on productivity. 
 Halt = Variable has an effect on occupant’s visual comfort (natural 
light) and its impact on productivity. 
The ANOVA is done using α=0.1.  
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If p-value ≥ 0.1, it indicates strong evidence of null hypothesis. 
If p-value ≤ 0.1, it indicates strong evidence against the null hypothesis, 
hence rejecting the null hypothesis.  
Based on the ANOVA, the following factors have an effect on occupant’s 
visual comfort (natural light) and its impact on the productivity of occupants 
(Table - 4.7): 
1. Light 
2. Outside Temperature 
3. Wall type 
4. Temperature*Temperature 
5. Outside Relative Humidity*Outside Relative Humidity 
6. Light*Wall type 
7. Temperature*Kind of Workspace 
8. Relative Humidity*Wall type 
9. Outside Temperature*Outside Relative Humidity 
The above factors affect visual comfort both directly and indirectly. All these 
factors have a different magnitude of influence. The level of magnitude 
would be highlighted in Pareto charts. 
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4.8.2 The Coefficient of Determination (Multiple Correlation 
Coefficient) 
The coefficient of determination (Adjusted R-square) value is 96.06%. It 
indicates that 96% of the data fits the regression and there is a significant 
relationship between dependent and independent variables. 
4.8.3 Residual Plots 
Residual plots are used to determine the fit of model data (Figure - 4.145). 
 
Figure - 4.145 – Residual Plots – Natural Light 
4.8.3.1 Normal probability 
The residuals in the above figure above follow the expected values 
(mainline). This indicates that the residuals are normally distributed. 
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4.8.3.2 Versus fits of the fitted value 
The scatter of the residuals varies as the fitted value increases. It indicates 
that the residuals are unequal. 
4.8.3.3 Residual Histogram 
The histogram figure above is observed to be spread over the central area. It 
is a U-shaped histogram with few outliers. It indicates that data is normally 
distributed. 
4.8.3.4 Residual versus order plot 
The residuals in the above figure are between -1 to 1 and suggest no pattern. 
It indicates that regression assumptions are satisfied. 
4.8.4 Regression Equation 
Natural light = 7.66 - 0.000514 Light - 0.253 Temperature - 0.00286 Relative Humidity 
- 0.0259 Outside temperature - 0.0507 Outside Relative Humidity 
- 1.086 Kind of Workspace_1 - 0.844 Kind of Workspace_2 
- 0.531 Kind of Workspace_3 + 0.120 Kind of Workspace_4 
+ 2.340 Kind of Workspace_5 - 0.856 Do you sit near  (wall type):_1 
- 2.220 Do you sit near  (wall type):_2 
+ 2.415 Do you sit near  (wall type):_3 
+ 0.662 Do you sit near  (wall type):_4 + 0.00496 Temperature*Temperature 
+ 0.000308 Outside Relative Humidity*Outside Relative Humidity 
- 0.000015 Light*Do you sit near  (wall type):_1 
+ 0.000412 Light*Do you sit near  (wall type):_2 
- 0.001110 Light*Do you sit near  (wall type):_3 
+ 0.000713 Light*Do you sit near  (wall type):_4 
+ 0.0430 Temperature*Kind of Workspace_1 
+ 0.0377 Temperature*Kind of Workspace_2 
+ 0.0237 Temperature*Kind of Workspace_3 
- 0.0056 Temperature*Kind of Workspace_4 
- 0.0988 Temperature*Kind of Workspace_5 
- 0.00002 Relative Humidity*Do you sit near  (wall type):_1 
+ 0.00539 Relative Humidity*Do you sit near  (wall type):_2 
- 0.00676 Relative Humidity*Do you sit near  (wall type):_3 
+ 0.00139 Relative Humidity*Do you sit near  (wall type):_4 
+ 0.000771 Outside temperature*Outside Relative Humidity 
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4.8.4.1 Equation explanation 
The regression equation shows various variables that have an effect on 
occupant visual comfort (natural light) and its impact on productivity. It 
shows that light levels, temperature, wall type and outside temperature have 
an influence on an occupant’s visual comfort (need for natural light) and its 
impact on productivity. Along with the factors mentioned above, more 
linear, square and interactions contribute to the final output.  
As part of the analysis, various types of graphs are used to show the impact of 
different input variable on the output variable.  
4.8.5 Pareto Chart 
A Pareto chart has been used to present the independent variable’s 
magnitude of effect on the output variable (Figure - 4.146). The chart has set 
1.65 (standardised effect), as the reference line to identify variables that 
have an effect on occupant visual comfort (natural light) and its impact on 
productivity. 
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Figure - 4.146 - Pareto Chart - Natural Light 
The following variables have a significant effect (direct and indirect) on an 
occupant’s visual comfort (natural light): 
1. Wall type (maximum effect) 
2. Outside Relative Humidity*Outside Relative Humidity 
3. Outside Temperature*Outside Relative Humidity 
4. Outside Temperature 
5. Light*Wall type 
6. Temperature*Kind of Workspace 
7. Relative Humidity*Wall type 
8. Temperature*Temperature 
4.8.6  Main Effects Graph 
The response surface analysis did not produce any relevant contour and 
surface plots in this analysis.   
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The main effects have been plotted on the graph, below, to show the impact 
of natural light on occupant productivity, (Figure - 4.147). It outlines that 
amongst all the variables, only the wall type (natural light) has a significant 
effect on visual comfort and its impact on productivity. It shows that the 
ingress of natural light to the occupant’s seat has an effect on their 
productivity.  
The occupant’s response can be explained: 
 Wall type (1) – Exterior wall – It shows that occupants seated near an 
external wall have responded negative impact of natural light. This is 
due to the absence of natural light. 
 Wall type (2) – Interior wall - It is similar to the exterior wall. No access to 
natural light has led to negative effect on visual comfort and impacts 
productivity. 
 Wall type (3) – Exterior window – Occupants seated near the exterior 
windows responded with a significant amount of positive visual comfort 
due to the ingress of natural light and results in increased productivity. 
 Wall type (4) – Interior Window – Occupants seated near the interior 
window responded with positive responses. It indicates that a central 
window opening into the common spaces and atriums also have a 
positive effect on occupant visual comfort and productivity. 
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Figure - 4.147 – Main Effects Plot – Natural Plot 
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4.9 Response Surface Regression for Office Layout and its 
Effect on Comfort and Productivity 
The response surface analysis for an office layout was completed to 
investigate whether office layout influences occupant comfort and 
productivity. The analysis produced the following: 
 P-values for the independent factors their square and 2-way 
interactions 
 R square (coefficient of determination) 
 Residual Plots 
 Regression equation 
 Pareto Chart 
 Summary 
4.9.1 Analysis of Variance 
Source DF Adj SS Adj MS 
F-
Value 
P-
Value 
Model 61 345.058 5.6567 8.10 0.000 
Linear 15 49.123 3.2748 4.69 0.000 
Temperature 1 2.646 2.6461 3.79 0.053 
Relative Humidity 1 0.000 0.0002 0.00 0.988 
Outside temperature 1 4.199 4.1993 6.01 0.015 
Outside Relative Humidity 1 1.624 1.6239 2.32 0.128 
CO2 1 0.813 0.8132 1.16 0.282 
Sound 1 1.561 1.5613 2.23 0.136 
Light 1 0.592 0.5921 0.85 0.358 
VOC 1 0.331 0.3313 0.47 0.492 
Kind of Workspace 4 34.269 8.5672 12.26 0.000 
Do you sit near  (wall type): 3 5.952 1.9841 2.84 0.038 
Square 4 17.348 4.3370 6.21 0.000 
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Outside temperature*Outside 
temperature 
1 9.946 9.9455 14.23 0.000 
Outside Relative Humidity*Outside 
Relative Humidity 
1 3.481 3.4809 4.98 0.026 
CO2*CO2 1 5.177 5.1765 7.41 0.007 
Light*Light 1 4.614 4.6140 6.60 0.011 
2-Way Interaction 42 118.716 2.8266 4.05 0.000 
Temperature*CO2 1 2.410 2.4100 3.45 0.064 
Temperature*Sound 1 19.462 19.462 27.85 0.000 
Temperature*Do you sit near  (wall 
type): 
3 5.914 1.9714 2.82 0.039 
Relative Humidity*CO2 1 3.274 3.2739 4.69 0.031 
Relative Humidity*VOC 1 4.969 4.9694 7.11 0.008 
Outside temperature*Outside Relative 
Humidity 
1 5.933 5.9330 8.49 0.004 
Outside temperature*Sound 1 9.589 9.5895 13.72 0.000 
 Outside temperature*Kind of 
Workspace 
4 6.808 1.7021 2.44 0.047 
Outside temperature*Do you sit 
near  (wall type): 
3 7.616 2.5386 3.63 0.013 
Outside Relative Humidity*Do you sit 
near  (wall type): 
3 8.575 2.8582 4.09 0.007 
CO2*Sound 1 3.625 3.6251 5.19 0.023 
CO2*Kind of Workspace 4 8.482 2.1206 3.04 0.018 
Sound*Kind of Workspace 4 13.130 3.2826 4.70 0.001 
Sound*Do you sit near  (wall type): 3 16.352 5.4507 7.80 0.000 
Light*Kind of Workspace 4 18.280 4.5701 6.54 0.000 
VOC*Kind of Workspace 4 5.618 1.4045 2.01 0.093 
VOC*Do you sit near  (wall type): 3 6.610 2.2032 3.15 0.025 
Error 303 211.709 0.6987       
Lack-of-Fit 299 209.209 0.6997 1.12 0.532 
Pure Error 4 2.500 0.6250       
Total 364 556.767          
Table 4.8 – Analysis of Variance – Office Layout 
The experiment was based on the following hypothesis, 
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 H0 = Variable has no effect on the occupant’s comfort (office layout) 
and productivity. 
 Halt = Variable has an effect on occupant’s visual comfort (office 
layout) and productivity. 
The ANOVA is done using α=0.1.  
If p-value ≥ 0.1, it indicates strong evidence of null hypothesis. 
If p-value ≤ 0.1, it indicates strong evidence against the null hypothesis, 
hence rejecting the null hypothesis. 
Based on the ANOVA, the following factors have an effect on occupant’s 
comfort (office layout) and productivity of occupants (Table 4.8): 
1. Temperature 
2. Outside temperature 
3. Kind of Workspace 
4. Do you sit near (wall type) 
5. Outside temperature*Outside temperature 
6. Outside relative humidity*Outside relative humidity 
7. CO2*CO2 
8. Light*Light 
9. Temperature*CO2 
10. Temperature*Sound 
11. Temperature*Do you sit near (wall type) 
Above factors affect comfort both directly and indirectly. All these factors 
have a different magnitude of influence. The level of magnitude would be 
highlighted in Pareto charts. 
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4.9.2 Co-Efficient of Determination (Multiple Correlation 
Coefficient) 
The coefficient of determination (adjusted R-square) value is 67.66%. It 
indicates that 68% of the data fits the regression and there is a significant 
relationship between dependent and independent variables. 
4.9.3 Residual Plots 
Residual plots are used to determine the fit of model data (Figure 4.148). 
 
Figure 4.148 - Residual Plots - Office Layout 
4.9.3.1 Normal probability 
The residuals in the above figure above follow the expected values 
(mainline). It indicates that the residuals are normally distributed. 
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4.9.3.2 Versus fits of the fitted value 
The scatter of the residuals varies as the fitted value increases. It indicates 
that residuals are unequal. 
4.9.3.3 Residual Histogram 
The histogram figure above is observed to be spread over the central area. It 
is a U-shaped histogram with few outliers. It indicates that data is normally 
distributed. 
4.9.3.4 Residual versus order plot 
The residuals in the above figure are between -1 to 1 and suggest no pattern. 
It indicates that the regression assumptions are satisfied. 
4.9.4 Regression Equation 
Office 
Layout 
= 23.80 - 1.273 Temperature + 0.0907 Relative Humidity 
- 0.255 Outside temperature - 0.1697 Outside Relative Humidity 
+ 0.01187 CO2 
- 0.171 Sound - 0.00908 Light + 0.0304 VOC - 5.46 Kind of Workspace_1 
+ 1.81 Kind of Workspace_2 - 7.47 Kind of Workspace_3 
+ 8.59 Kind of Workspace_4 + 2.52 Kind of Workspace_5 
+ 6.12 Do you sit near  (wall type):_1 - 8.52 Do you sit near  (wall type):_2 
+ 2.78 Do you sit near  (wall type):_3 - 0.38 Do you sit near  (wall type):_4 
+ 0.00660 Outside temperature*Outside temperature 
+ 0.000592 Outside Relative Humidity*Outside Relative Humidity 
+ 0.02198 Temperature*Sound 
+ 0.227 Temperature*Do you sit near  (wall type):_1 
+ 0.0013 Temperature*Do you sit near  (wall type):_2 
- 0.0888 Temperature*Do you sit near  (wall type):_3 
- 0.1393 Temperature*Do you sit near  (wall type):_4 
+ 0.00355 Outside temperature*Outside Relative Humidity 
- 0.00686 Outside temperature*Sound 
+ 0.1107 Outside temperature*Kind of Workspace_1 
- 0.0305 Outside temperature*Kind of Workspace_2 
+ 0.0055 Outside temperature*Kind of Workspace_3 
- 0.1020 Outside temperature*Kind of Workspace_4 
+ 0.0163 Outside temperature*Kind of Workspace_5 
- 0.0425 Outside temperature*Do you sit near  (wall type):_1 
+ 0.0752 Outside temperature*Do you sit near  (wall type):_2 
- 0.0563 Outside temperature*Do you sit near  (wall type):_3 
+ 0.0237 Outside temperature*Do you sit near  (wall type):_4 
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- 0.0114 Outside Relative Humidity*Do you sit near  (wall type):_1 
+ 0.02568 Outside Relative Humidity*Do you sit near  (wall type):_2 
- 0.0167 Outside Relative Humidity*Do you sit near  (wall type):_3 
+ 0.00244 Outside Relative Humidity*Do you sit near  (wall type):_4 
+ 0.001454 CO2*Kind of Workspace_2 -
 0.002076 CO2*Kind of Workspace_3 
+ 0.00064 CO2*Kind of Workspace_4 + 0.00026 CO2*Kind of Workspace_5 
+ 0.0138 Sound*Kind of Workspace_1 - 0.0349 Sound*Kind of Workspace_2 
+ 0.0792 Sound*Kind of Workspace_3 + 0.0296 Sound*Kind of Workspace_4 
- 0.0878 Sound*Kind of Workspace_5 
- 0.1623 Sound*Do you sit near  (wall type):_1 
+ 0.0697 Sound*Do you sit near  (wall type):_2 
+ 0.0396 Sound*Do you sit near  (wall type):_3 
+ 0.0530 Sound*Do you sit near  (wall type):_4 
+ 0.00875 Light*Kind of Workspace_1 + 0.00031 Light*Kind of Workspace_2 
+ 0.00727 Light*Kind of Workspace_3 - 0.01555 Light*Kind of Workspace_4 
- 0.00078 Light*Kind of Workspace_5 + 0.0031 VOC*Kind of Workspace_1 
- 0.00205 VOC*Kind of Workspace_2 + 0.0180 VOC*Kind of Workspace_3 
- 0.0447 VOC*Kind of Workspace_4 + 0.0256 VOC*Kind of Workspace_5 
- 0.0088 VOC*Do you sit near  (wall type):_1 
+ 0.01844 VOC*Do you sit near  (wall type):_2 
- 0.01151 VOC*Do you sit near  (wall type):_3 
 
4.9.4.1 Equation explanation 
The regression equation shows various variables that affect occupant 
comfort (office layout) and productivity. It shows that temperature, outside 
temperature, kind of workspace, and wall types influence occupant’s 
comfort (office layout) and productivity. Along with the factors mentioned 
above, few more linear, square and interactions contribute to the final 
output.  
As part of the analysis, various types of graphs are used to show the impact of 
different input variable on the output variable.  
4.9.5 Pareto chart 
A Pareto chart has been used to present the independent variable’s 
magnitude of effect on the output variable (Figure 4.149). The chart has set 
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1.65 (standardised effect) as the reference line to identify variables that 
affect occupant comfort (office layout) and productivity. 
 
Figure 4.149 - Pareto Chart - Office Layout 
Following variables have a significant effect (direct and indirect) on 
occupant’s comfort (office layout) and productivity: 
1. Kind of Workspace (maximum effect) 
2. Temperature*Sound 
3. Light*Kind of workspace 
4. Sound*Wall type 
5. Outside temperature*Outside temperature 
6. Outside temperature*Sound 
7. Sound*Kind of workspace 
8. Outside temperature*outside relative humidity 
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The response surface analysis did not produce any relevant contour and 
surface plots in this analysis.   
4.9.6 Summary 
This question was aimed at identifying the influence of office layout on 
occupant productivity and comfort. It also helped to outline interaction and 
various dependencies between the input variables. 
 Type of workspace/office layout affects occupant productivity and 
comfort. 
 It supports the literature findings that suggest that sharing workspace 
with more people leads to decrease in productivity. 
 Workspaces with a higher temperature and sound also have a 
negative impact on productivity. 
 Individual room, non-sharing cubicle have a positive impact on productivity 
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4.10 Result Summary 
The table, below, (Table - 4.9) presents results identified throughout this 
chapter. It presents the IEQ factor, parameter, their R-square value, their 
optimum range for maximum achievable productivity and indirect effects 
and interdependencies on other parameters and factors. 
IEQ 
factor 
IEQ 
parameter 
Adjusted 
R square 
value 
Direct effect Indirect effects 
Thermal 
comfort 
Temperature  74% 
Temperature 
(21-24.5°c) 
 Low Lux levels tend to 
make the occupant feel 
colder (300 Lux and 
below) 
 Low VOC in the air 
associated with a positive 
impact on thermal 
comfort 
 Sound has an inverse 
effect on thermal comfort 
and productivity. Higher 
dB (55 dB and above) 
leads to thermal 
discomfort.  
Air 
Comfort 
Natural air 
(Carbon 
Dioxide) 
 87%  Carbon 
Dioxide 
(less than 
500 ppm) 
 VOC (75% 
and above 
VOC free 
air) 
 Relative Humidity has a 
minor effect on indoor air 
comfort. Higher relative 
humidity has a negative 
effect on occupant air 
comfort and productivity 
Mechanical 
Ventilation 
(Carbon 
Dioxide) 
 (77%)  Carbon 
Dioxide 
(less than 
500 ppm) 
 VOC (75% 
and above 
 Sound, relative humidity, 
outside temperature, 
outside relative humidity 
have an indirect effect 
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VOC free 
air) 
VOC  (86%) VOC 
 (75% VOC 
free air and 
above) 
 Carbon dioxide ( less than 
450 ppm), outside relative 
humidity (higher has a 
negative impact) 
 
Acoustic 
comfort 
Sound level 
(dB) 
 (85%) Sound level 
(45dB and 
below) 
 VOC, temperature, 
outside relative humidity. 
 Thermally comfortable 
occupants are observed 
to have more inertia to 
identify other discomforts. 
Visual 
Comfort 
Illumination 
levels (Lux) 
 (82%) Light level  
(300 – 450 Lux) 
 The outside temperature 
has a positive correlation 
with visual comfort. 
Sunlight leads to the 
higher outside 
temperature. 
Natural Light (96%) Wall type  Exterior window – very 
positive effect 
 Interior window - positive 
Office 
Layout 
Seating 
Arrangement 
 (68%) Kind of 
workspace 
 Individual room, non-
sharing cubicle have a 
positive impact on 
productivity. 
 The higher number of 
people sharing a space 
leads to lower productivity  
Table - 4.9 – Result Summary 
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5 Discussion 
The results of the research are now going to be discussed, highlighting the 
practical implications for the design and construction industry. It has been 
divided into six sections. The first section of the chapter presents and discusses 
the results of thermal comfort response surface analysis. The second section 
presents the results of indoor air comfort. It outlines and discusses the factors 
that have an impact on occupant air comfort and productivity. The third 
section presents the results of the response surface analysis of acoustic 
comfort. It discusses the effect of sound levels on comfort and productivity. 
The next section presents and discusses the results of visual comfort, outlining 
the effect of natural light and lux levels on visual comfort and productivity. 
Then, there is a reference to office layout and its effect on occupant comfort 
and productivity, followed by a brief chapter summary. 
5.1 Thermal Comfort 
The literature review outlined that thermal comfort has a significant influence 
on occupant comfort and productivity (Lipczynska et al., 2018, Boerstra et al., 
2015, Shaharon and Jalaludin, 2012, Nicol et al., 2012, Karjalainen, 2012). A 
question around thermal comfort question was included in the survey. 
Response surface analysis led to 0.74 (74%) R-square value (coefficient of 
determination) indicating a strong relationship between input variables and 
output variables. It also produced a regression equation that can be used to 
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calculate occupant comfort and productivity by inputting values of input 
variables. Following variables influence thermal comfort and productivity: 
5.1.1 Temperature 
This research indicates that temperature has the maximum influence on 
thermal comfort. It also outlined that 21 – 24.5°c is most productive 
temperature range. This is coherent with literature findings about temperature 
and its overall effect on comfort (Seppanen et al., 2006, Karjalainen, 2012, 
Zhang et al., 2011, Lan et al., 2010, Paul and Taylor, 2008, Tanabe et al., 2007, 
Bauman and Arens, 1996, ASHRAE, 2010b, ASHRAE, 2005, ASHRAE Standard, 
2004). Results also outline that the outside temperature influences occupant 
productivity. Throughout the experiment, the outside temperature was 
observed between 20°c to 49°c. This element works in conjunction with 
indoor temperature. It was observed that optimum comfort and productivity 
was achieved when the indoor temperature was between 21-24°c and 
outdoor temperature between 30 - 40°c. Literature also indicated that 
outdoor temperature affects occupant comfort and productivity (De Dear 
and Brager, 1998, Humphreys, 1978). However, there is a lack of evidence on 
the outdoor range and inter-relation with indoor temperature in influencing 
comfort and productivity. This research outlines inter-relationship between 
outdoor temperature and indoor temperature. It has also produced the 
optimum range for the outdoor temperature.  
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The above findings on indoor and outdoor temperature can be used for the 
following: 
1. To develop design guidelines that assert on maintaining the indoor 
temperature according to the recommended range by the research. It 
will help to improve occupant comfort and productivity in offices in 
Qatar. 
2. Research indicated that a higher difference between indoor and 
outdoor temperature leads to a loss of productivity. Occupant comfort 
is negatively affected by the higher temperature difference by indoor 
and outdoor temperature. Specific to the middle-east region, summers 
are scorching with the temperature reaching up to 50°c. This problem 
can be solved using the following strategies: 
a. Design a reactive operational guideline for Heating Ventilation 
and Air - Conditioning System (HVAC) systems that can be used 
to adapt to the outdoor temperature.   
b. Create buffer zones to reduce the temperature shock for 
occupant walking in and out of the buildings. This temperature 
shock creates discomfort for the occupant and increases the 
time taken by the occupant to adjust and reach an optimum 
state of thermal comfort. It is recommended to create shaded 
zones with water bodies around the entrance of the building to 
create a space that has higher relative humidity and lower 
temperature than outdoor conditions. It will help to avoid the 
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temperature shock occupants get while walking in and out of 
the building.  
5.1.2 Relative Humidity 
Research results indicate that relative humidity influences occupant thermal 
comfort and productivity. This result is coherent with the literature on thermal 
comfort (Langer et al., 2016, Cao et al., 2012, Zhang and Barrett, 2012, 
Wolkoff and Kjærgaard, 2007). Results indicate that relative humidity 
between 40 - 60% has a positive impact on occupant thermal comfort and 
productivity. Outside relative humidity has an indirect influence on thermal 
comfort. It was observed that low humidity outside associated with low 
thermal comfort and productivity. In the middle-eastern climate, summers 
have a high temperature and low relative humidity. Low productivity is 
reported due to low outside relative humidity, along with the high outside 
temperature. When analysed in combination with indoor temperature and 
relative humidity, it was highlighted that the difference between indoor and 
outdoor relative humidity and temperature leads to lower thermal comfort 
and productivity. 
The above findings on the effect of indoor and outdoor relative humidity can 
be used for the following: 
1. To develop a design and operational guidelines that assert on 
maintaining indoor relative humidity levels, as concluded in the 
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research. It would help to improve occupant thermal comfort and 
productivity in offices in Qatar. 
2. Create buffer zones around the entrance of office buildings to provide 
space that has shade and water bodies. It will also help to provide a 
space with temperature and relative humidity between the range of 
temperature and relative humidity to avoid the temperature shock 
associated with the low thermal comfort and productivity.   
5.1.3 Volatile Organic Compound (VOC) 
Research results indicate that VOC has an indirect impact on thermal 
comfort. Currently, there is no research finding that associate VOC with 
thermal comfort and is a new finding in the realms of thermal comfort and 
productivity. It indicates that lower VOC levels in the air are associated with a 
higher level of thermal comfort and productivity. VOC has a positive impact 
on thermal comfort and productivity when the air is 65% VOC free and 
above. This finding can be used to propose a design and operation 
guidelines that assert on maintaining VOC levels as suggested in research 
findings. It would help to improve thermal comfort and productivity in offices 
in Qatar. 
5.1.4 Light 
Research results indicate that lower lux levels are associated with a reduction 
in thermal comfort. It highlights the indirect effect of occupant’s perception 
of association of lower lux levels with lower temperature and thermal comfort. 
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This finding can be further investigated in future research endeavours in 
academia. 
5.1.5 Sound 
Research results outline that higher levels of sound are associated with lower 
levels of thermal comfort. Results show that sound levels above 55dB have a 
negative impact on thermal comfort. 
5.2 Indoor Air Comfort 
The literature review suggested that indoor air quality influences occupant 
comfort and productivity (Wolkoff, 2018, Wargocki, 2017, Paul and Taylor, 
2008, Kosonen and Tan, 2004, Wargocki et al., 2003, Wargocki, 2000, Fanger, 
2000, Fisk et al., 1999, Wargocki et al., 1999, Bauman and Arens, 1996, 
Bluyssen et al., 1996, Godish and Spengler, 1996, ASHRAE Standard, 1989, 
ASHRAE Environmental Health Committee, 1987). Indoor air quality was 
divided into three areas, and three questions were included in the survey. 
One focused on natural air, the second on mechanical ventilation and the 
third on VOC. In the case of natural ventilation, response surface analysis led 
to r-square value (coefficient of determination) of 87%. Mechanical 
ventilation’s response surface analysis led to an r-square value of 77% and 
86% for VOC, indicating a substantial relationship between input and output 
variables in all three questions. The analysis produced regression equations 
that represent the relationship between input and output variables in both 
natural and mechanical ventilation. These equations can be used to 
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calculate the occupant indoor air comfort and productivity by inserting filling 
values of input variables. The following variables affect indoor air comfort and 
productivity: 
5.2.1 Carbon Dioxide 
Research results indicate that carbon dioxide levels in indoor air have a 
negative effect on occupant air comfort and productivity. These results 
adhere to literature findings that suggest a higher level of carbon dioxide 
lead to lower occupant comfort (Wolkoff, 2018, Wargocki, 2017, Teichman et 
al., 2015, Wolkoff, 2013). The results also indicate that carbon dioxide levels up 
to 500 ppm have a positive effect on occupant comfort and productivity. 
Currently, the standards suggest that up to 1000 ppm does not have any 
negative effect on occupant’s health (ASHRAE Standard, 1989). However, 
this research indicates that maintaining carbon dioxide levels below 500 ppm 
would help to improve occupant productivity. This result can be used to 
update building regulations and standards in the middle-eastern region. 
Further research endeavours can be considered in the future to investigate 
this area. 
5.2.2 Volatile Organic Compound (VOC) 
Research results outline that VOC has a negative impact on occupant 
comfort and productivity. It indicates that VOC does not have any negative 
impact on occupant comfort and productivity till 25% VOC in the air (75% 
VOC free air by volume). The research experiment results also outlined that 
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up to 15% VOC in the air has a positive effect on occupant comfort and 
productivity.  
5.2.3 Relative Humidity 
Research results outlined that the relative humidity influences occupant 
indoor air comfort and productivity. The results indicate that relative humidity 
has a positive effect on till 60% indoor relative humidity. Outside temperature 
also has an indirect effect on air comfort and productivity.  
5.2.4 Outside Temperature 
Results suggest that up until 36°c, the outside temperature positively affects 
indoor air comfort. There is no effect of indoor temperature on indoor air 
comfort, which is a new finding. Currently, no research study outlines any 
relationship between occupant air comfort and outside temperature. This 
finding can be further investigated to identify the cause and develop the 
design and operation recommendations. Based on this finding, the outside 
temperature can be measured, and the HVAC system can be tuned to 
counter the increase in outside temperature.  
5.2.5 Sound 
Results also suggest that the sound level above 55dB have a negative impact 
on indoor air comfort and productivity. Similar findings were observed with 
thermal comfort. It suggests that higher sound levels tend to produce 
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dissatisfaction amongst occupants that results in a reduction of overall 
occupant comfort.  
5.3 Acoustic Comfort 
The literature review outlined that acoustic comfort influences on occupant 
productivity (Al horr et al., Paul and Taylor, 2008, Frontczak and Wargocki, 
2011, Huang et al., 2012, Jakobsen, 2003, Payne, 2013). A question of 
acoustic comfort was included in the survey. Response surface analysis 
showed an r-square value of 0.85 (85%). It indicates that 85% of the data fits 
the regression and there is a significant relationship between input and 
output variables. The following factors affect acoustic comfort: 
5.3.1 Sound 
Research results outline that sound has a positive effect on comfort and 
productivity up to 45dB. It has a negative effect on 50dB and above. This 
finding should be specifically implemented in the work areas in an office. 
Apart from sound levels, indoor temperature and sound levels have an 
indirect influence on occupant acoustic comfort and productivity. Results 
also highlighted a new indirect relationship between thermal comfort and 
acoustic comfort. Occupants tend to be more sensitive towards sound levels 
when they are thermally comfortable. It is a new finding and has the 
potential for further research.  
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5.4 Visual Comfort 
It was found that visual comfort affects occupant productivity (Marans and 
Yan, 1989, Busch et al., 1993, Veitch, 2001, Reinhart, 2002, Fay et al., 2002, Lim 
et al., 2017). Visual comfort constitutes illumination levels and access to 
natural light. The current research outlined that access to natural light has a 
significant effect on the occupant’s visual comfort and productivity (Edwards 
and Torcellini, 2002, Haans, 2014, Beute and de Kort, 2018). The researcher 
included two questions on visual comfort. The first question is on illumination 
levels and second on natural light. Response surface analyses produced an 
R-square value of 0.84 (84%) for illumination levels and 0.96 (96%) for natural 
light. It suggests that illumination levels and natural light access have a 
compelling effect on occupant comfort and productivity. Following factors 
affect visual comfort and productivity: 
5.4.1 Illumination Level (Lux Level) 
Research results outline that light levels between 300 – 450 Lux has a positive 
effect on occupant visual comfort and productivity. Lux levels above and 
below lead to an adverse effect on occupant comfort and productivity in 
the workplace.  
 
5.4.2 Natural Light  
Research result outlines that the location of the occupant’s seat affects 
access to natural light and visual comfort and productivity. It highlights that 
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occupants seated near internal and external windows are more satisfied with 
visual comfort and have higher productivity, as compared to the exterior and 
interior walls. 
Amongst other factors, higher external temperature also has a positive 
correlation with visual comfort. During the daytime, the temperature is higher 
due to sunlight. It also contributes to higher daylight levels, which can affect 
indoor illumination.  
5.5 Office Layout 
The literature review suggested that the office layout affects occupant 
productivity (Shahzad et al., Haynes, 2008b, Lee, 2010, Haynes, 2007b, 
Haynes, 2008a, Haynes, 2009). Response surface analysis results show R-
square value as 0.62 (62%), indicating that office layout has an impact on 
occupant productivity. Results suggest that sharing workspaces has an 
adverse effect on occupant comfort and productivity. It also outlined that 
workspaces with higher temperature and sound levels have an adverse 
effect on occupant productivity. It can be concluded that office spaces with 
more than three occupants have a negative impact on occupant 
productivity.  
This research recommends developing design policy and regulations that 
promote designing spaces with access to natural light and sharing spaces 
above three occupants should be avoided. Office design should reflect the 
office work process.  
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5.6 Summary  
This chapter has presented and discussed the results of the research study. It 
presented the potential areas of future research. It also highlights the 
practical benefits of the research results, along with proposed design and 
policy alterations. Below diagram presents the effect of investigated IEQ 
factors on occupant productivity along with the ideal range (green), neutral 
range (yellow), negative range (red).  
 
Figure - 5.1Indoor Environmental Quality Factors and their effect on Occupant Productivity 
 
The following chapter presents the conclusion and recommendations. 
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6 Conclusion and Recommendations 
This research study started with the aim of understanding and mapping the 
effect of indoor environmental quality factors on occupant comfort and 
productivity in offices in Qatar. As mentioned in the first chapter (section 1.1 
and 1.2), there is currently a lack of research and understanding of the effect 
of indoor environmental quality on occupant comfort and productivity. 
Building standards and guidelines mainly focus on occupant health and 
wellbeing but do not explicitly focus on occupant productivity in office 
buildings. This research study investigated this area by developing a 
longitudinal experiment and collecting both physical and survey data 
collections. It also used response surface analysis to analyse data and 
produce results. The results include the physical indoor environmental quality 
factors that affect occupant productivity, their recommended ranges and 
the regression equations that present the direct and indirect relationship 
between input and output variables in each analysis. This chapter concludes 
the research study by presenting the main accomplishments and lists some 
recommendations for practice and further research.  
This chapter is divided into six sections. The first section presents the 
attainment of research objectives of this research, while the second discusses 
the conclusion of the research. The third part discusses the contribution of the 
research study. It then outlines contributions to both research and practice. 
The fourth section presents the limitation of the research, and the fifth present 
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the recommendation for future research. The last section provides a summary 
of the chapter. 
6.1 Research Aim and Objective 
This research study set out with the following aim (chapter 1, section 1.3): 
“To develop a model that establishes the relationship between indoor 
environmental quality and occupant productivity in office buildings in 
Qatar.” 
The research aim was achieved using a set of five objectives. The breadth of 
achievement of these objectives is presented below: 
1. To document the indoor environmental quality factors that affects 
occupant productivity and assesses their impact on occupant 
productivity in an office environment. 
This objective was achieved by conducting the literature review of indoor 
environment quality factors and occupant comfort and productivity. A range 
of literature was reviewed from journal articles, conference proceedings and 
300 references, dated 1920 to 2018. The literature led to the identification of 
five indoor environmental quality factors that influence occupant comfort 
and productivity. These are Thermal Comfort (Temperature, Relative 
Humidity), Air Comfort (Carbon Dioxide, Volatile Organic Compound), 
Acoustic Comfort (Sound levels), Visual Comfort (Lux level, Natural light), 
Office Layout (Cubicle, Shared room). This objective achievement can be 
found in detail in chapter two. 
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2. To document metrics and methodologies, those assess indoor 
environmental quality and occupant productivity in an office building. 
This objective was achieved by reviewing the literature on different metrics 
and methodologies used to assess indoor environmental quality factors 
and occupant comfort and productivity in office buildings. Literature 
ranged from journal articles to books and led to the development of data 
collection and analysis framework that was used in this research study. The 
research study used Post Occupancy Evaluation (POE) along with 
Quantitative data collection and analysis using sensors that measure 
indoor environmental quality parameters. It was done in a longitudinal 
format. This objective achievement can be found in detail in chapter 
three. 
3. To establish a relationship model (set of equations) between indoor 
environmental quality and employee productivity in an office building. 
This objective was achieved by conducting a response surface analysis of 
different parameters under each indoor environmental factor and their 
individual responses to the survey. Each regression equation represents the 
relationship between occupant productivity and comfort and various 
indoor environmental quality factors. These equations are: 
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Thermal Comfort = -52.08 + 5.666 Temperature - 0.1318 Relative Humidity 
- 0.015 Outside temperature - 0.0836 Outside Relative Humidity 
+ 0.00637 CO2 - 0.2088 Sound - 0.00460 Light - 0.0468 VOC 
+ 1.53 Kind of Workspace_1 + 1.536 Kind of Workspace_2 
+ 2.79 Kind of Workspace_3 - 6.17 Kind of Workspace_4 
+ 0.32 Kind of Workspace_5 + 0.37 Do you sit near (wall type):_1 
+ 0.424 Do you sit near (wall type):_2 
- 0.484 Do you sit near (wall type):_3 
- 0.307 Do you sit near (wall type):_4 - 0.11728 Temperature*Temperature 
+ 0.000460 Relative Humidity*Relative Humidity 
- 0.003066 Outside temperature*Outside temperature 
+ 0.000363 Outside Relative Humidity*Outside Relative Humidity 
- 0.000270 Temperature*CO2 + 0.001846 Relative Humidity*Outside temperature 
- 0.0381 Relative Humidity*Do you sit near (wall type):_1 
+ 0.01842 Relative Humidity*Do you sit near (wall type):_2 
+ 0.01876 Relative Humidity*Do you sit near (wall type):_3 
+ 0.00094 Relative Humidity*Do you sit near (wall type):_4 
+ 0.00313 Outside temperature*Sound 
- 0.0217 Outside temperature*Kind of Workspace_1 
- 0.0252 Outside temperature*Kind of Workspace_2 
+ 0.0074 Outside temperature*Kind of Workspace_3 
+ 0.1010 Outside temperature*Kind of Workspace_4 
- 0.0614 Outside temperature*Kind of Workspace_5 
+ 0.001164 Outside Relative Humidity*Sound 
+ 0.000838 CO2*Kind of Workspace_1 - 0.001454 CO2*Kind of Workspace_2 
+ 0.001355 CO2*Kind of Workspace_3 - 0.00248 CO2*Kind of Workspace_4 
+ 0.00174 CO2*Kind of Workspace_5 + 0.000736 Sound*VOC 
- 0.0246 Sound*Kind of Workspace_1 + 0.0055 Sound*Kind of Workspace_2 
- 0.0562 Sound*Kind of Workspace_3 + 0.0600 Sound*Kind of Workspace_4 
+ 0.0154 Sound*Kind of Workspace_5 + 0.000073 Light*VOC 
- 0.00044 Light*Kind of Workspace_1 + 0.00107 Light*Kind of Workspace_2 
- 0.00290 Light*Kind of Workspace_3 + 0.00376 Light*Kind of Workspace_4 
- 0.00150 Light*Kind of Workspace_5 
+ 0.0293 VOC*Do you sit near (wall type):_1 
- 0.02088 VOC*Do you sit near (wall type):_2 
- 0.00733 VOC*Do you sit near (wall type):_3 
- 0.00107 VOC*Do you sit near (wall type):_4 
 
Nat
ural 
fres
h 
air 
= -1.26 - 0.01210 CO2 + 0.0577 VOC -   
- 0.0768 Temperature + 0.2483 Outside temperature 
+ 0.0773 Outside Relative Humidity + 0.1024 Sound 
- 2.25 Kind of Workspace_1 + 0.95 Kind of Workspace_2 
- 1.25 Kind of Workspace_3 - 1.16 Kind of Workspace_4 
+ 3.71 Kind of Workspace_5 + 0.167 Do you sit near (wall type):_1 
+ 0.230 Do you sit near (wall type):_2+ 0.064 Do you sit near (wall type):_3 
- 0.460 Do you sit near (wall type):_4 
+ 0.01855 VOC*Do you sit near (wall type):_1 
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- 0.02564 Relative Humidity*Do you sit near (wall type):_1 
+ 0.1041 Temperature*Kind of Workspace_1+ 0.1213 Temperature*Kind of W
orkspace_2+ 0.0395 Temperature*Kind of Workspace_3+ 0.0914 Temperature
*Kind of Workspace_4 - 0.356 Temperature*Kind of Workspace_5 -
 0.0152 Outside temperature*Kind of Workspace_1-
 0.0462 Outside temperature*Kind of Workspace_2 
+ 0.0136 Outside temperature*Kind of Workspace_3 
- 0.0214 Outside temperature*Kind of Workspace_4 
+ 0.0691 Outside temperature*Kind of Workspace_5 
- 0.01459 Outside Relative Humidity*Kind of Workspace_1 
- 0.01438 Outside Relative Humidity*Kind of Workspace_2 
+ 0.0259 Outside Relative Humidity*Kind of Workspace_5 
 
Mechanical 
Ventilation 
= 1.27 - 0.00785 CO2 + 0.0319 VOC + 0.00913 Relative Humidity 
- 0.370 Temperature + 0.1035 Outside temperature 
+ 0.0353 Outside Relative Humidity + 0.1930 Sound + 0.01239 Light 
- 0.863 Kind of Workspace_1 - 0.306 Kind of Workspace_2 
+ 1.322 Kind of Workspace_3 + 0.47 Kind of Workspace_4 
- 0.621 Kind of Workspace_5 + 1.658 Do you sit near  (wall type):_1 
+ 0.241 Do you sit near  (wall type):_2 
- 0.448 Do you sit near  (wall type):_3 
- 1.451 Do you sit near  (wall type):_4 + 0.000005 CO2*CO2 
- 0.002431 Sound*Sound - 0.000028 CO2*VOC -
 0.000007 CO2*Light 
- 0.000059 VOC*Light - 0.00622 VOC*Kind of Workspace_1 
+ 0.00142 VOC*Kind of Workspace_2 -
 0.01523 VOC*Kind of Workspace_3 
+ 0.01692 VOC*Kind of Workspace_4 
+ 0.0031 VOC*Kind of Workspace_5 
- 0.000052 Relative Humidity*Light + 0.00731 Temperature*Sound 
- 0.00262 Outside temperature*Sound 
- 0.0872 Outside temperature*Do you sit near  (wall type):_1 
+ 0.0055 Outside temperature*Do you sit near  (wall type):_2 
+ 0.0324 Outside temperature*Do you sit near  (wall type):_3 
+ 0.0492 Outside temperature*Do you sit near  (wall type):_4 
- 0.000750 Outside Relative Humidity*Sound 
- 0.01780 Outside Relative Humidity*Do you sit near  (wall type):_1 
+ 0.00213 Outside Relative Humidity*Do you sit near  (wall type):_2 
+ 0.00640 Outside Relative Humidity*Do you sit near  (wall type):_3 
+ 0.00927 Outside Relative Humidity*Do you sit near  (wall type):_4 
+ 0.00434 Light*Kind of Workspace_1 
+ 0.000673 Light*Kind of Workspace_2 
- 0.00167 Light*Kind of Workspace_3 
- 0.00469 Light*Kind of Workspace_4 
+ 0.00134 Light*Kind of Workspace_5 
+ 0.00759 Light*Do you sit near  (wall type):_1 
- 0.001385 Light*Do you sit near  (wall type):_2 
- 0.003425 Light*Do you sit near  (wall type):_3 
- 0.002782 Light*Do you sit near  (wall type):_4 
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Indoor 
chemical 
and 
pollutant 
= 2.5775 + 3.968 VOC 
- 0.289 Relative Humidity*Relative Humidity 
+ 0.237 Sound*Sound - 0.930 VOC*VOC 
- 0.343 Outside temperature*Light 
+ 0.412 Outside Relative Humidity*CO2 
+ 0.459 Outside Relative Humidity*VOC- 
0.214 Outside Relative Humidity*Do you sit near  (wall type):_1 
- 0.0560 Outside Relative Humidity*Do you sit near  (wall typ 
e):_2+ 0.037 Outside Relative Humidity*Do you sit near  (wall type):_3 sit near  (wall type):_3 
- 0.283 Sound*Do you sit near  (wall type):_4 + 0.400 CO2*VOC 
+ 0.083 CO2*Do you sit near  (wall type):_1 
- 0.3182 CO2*Do you sit near  (wall type):_2 
+ 0.159 CO2*Do you sit near  (wall type):_3 
+ 0.076 CO2*Do you sit near  (wall type):_4 
- 0.534 Light*Kind of Workspace_1 
+ 0.310 Light*Kind of Workspace_2 
- 0.055 Light*Kind of Workspace_3 
- 0.188 Light*Kind of Workspace_4 
+ 0.466 Light*Kind of Workspace_5 
+ 0.215 VOC*Do you sit near  (wall type):_1 
- 0.362 VOC*Do you sit near  (wall type):_2 
+ 0.277 VOC*Do you sit near  (wall type):_3 
- 0.131 VOC*Do you sit near  (wall type):_4 
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Acoustic quality = 26.65 - 0.5323 Sound + 0.00348 Light + 0.0509 VOC - 0.890 Temperature 
+ 0.0427 Outside temperature + 0.02693 Outside Relative Humidity 
+ 0.001642 CO2 + 2.87 Kind of Workspace_1 - 0.222 Kind of Workspace_2 
+ 0.193 Kind of Workspace_3 - 1.77 Kind of Workspace_4 
- 1.07 Kind of Workspace_5 - 0.504 Do you sit near  (wall type):_1 
+ 0.309 Do you sit near  (wall type):_2 
+ 0.267 Do you sit near  (wall type):_3 
- 0.073 Do you sit near  (wall type):_4 + 0.005809 Sound*Sound 
- 0.000312 VOC*VOC + 0.02229 Temperature*Temperature -
 0.000809 Sound*VOC 
- 0.00700 Sound*Temperature - 0.000006 Light*CO2 
+ 0.001758 VOC*Temperature - 0.0668 Temperature*Kind of Workspace_1 
+ 0.0722 Temperature*Kind of Workspace_2 
+ 0.0710 Temperature*Kind of Workspace_3 
+ 0.1208 Temperature*Kind of Workspace_4 
- 0.1972 Temperature*Kind of Workspace_5 
- 0.000453 Outside temperature*Outside Relative Humidity 
- 0.0147 Outside temperature*Kind of Workspace_1 
- 0.0374 Outside temperature*Kind of Workspace_2 
- 0.0373 Outside temperature*Kind of Workspace_3 
- 0.0307 Outside temperature*Kind of Workspace_4 
+ 0.1201 Outside temperature*Kind of Workspace_5 
- 0.02028 Outside Relative Humidity*Kind of Workspace_1 
- 0.00671 Outside Relative Humidity*Kind of Workspace_2 
- 0.01333 Outside Relative Humidity*Kind of Workspace_3 
- 0.00297 Outside Relative Humidity*Kind of Workspace_4 
+ 0.0433 Outside Relative Humidity*Kind of Workspace_5 
+ 0.01123 Outside Relative Humidity*Do you sit near  (wall type):_1 
- 0.00723 Outside Relative Humidity*Do you sit near  (wall type):_2 
- 0.00389 Outside Relative Humidity*Do you sit near  (wall type):_3 
- 0.00011 Outside Relative Humidity*Do you sit near  (wall type):_4 
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Artificial light 
level 
= -0.42 + 0.01601 Light + 0.580 Temperature - 0.00767 Relative Humidity 
- 0.1898 Outside temperature - 0.0960 Outside Relative Humidity 
- 0.00173 CO2 + 0.01316 Sound - 0.0064 VOC 
+ 0.150 Kind of Workspace_1 + 0.376 Kind of Workspace_2 
- 0.659 Kind of Workspace_3 - 0.185 Kind of Workspace_4 
+ 0.318 Kind of Workspace_5 - 1.219 Do you sit near  (wall type):_1 
- 0.023 Do you sit near  (wall type):_2 
+ 1.183 Do you sit near  (wall type):_3 
+ 0.058 Do you sit near  (wall type):_4 - 0.000012 Light*Light 
- 0.01097 Temperature*Temperature - 0.000313 VOC*VOC 
- 0.000164 Temperature*CO2 
+ 0.000448 Relative Humidity*Outside Relative Humidity 
- 0.00338 Relative Humidity*Kind of Workspace_1 
- 0.00745 Relative Humidity*Kind of Workspace_2 
+ 0.00844 Relative Humidity*Kind of Workspace_3 
+ 0.0053 Relative Humidity*Kind of Workspace_4 
- 0.00295 Relative Humidity*Kind of Workspace_5 
+ 0.000144 Outside temperature*CO2 + 0.001424 Outside temperature*VOC 
+ 0.0348 Outside temperature*Do you sit near  (wall type):_1 
- 0.00204 Outside temperature*Do you sit near  (wall type):_2 
- 0.0326 Outside temperature*Do you sit near  (wall type):_3 
- 0.00024 Outside temperature*Do you sit near  (wall type):_4 
+ 0.000069 Outside Relative Humidity*CO2 
+ 0.000432 Outside Relative Humidity*VOC - 0.000035 CO2*VOC 
Natural light = 7.66 - 0.000514 Light - 0.253 Temperature - 0.00286 Relative Humidity 
- 0.0259 Outside temperature - 0.0507 Outside Relative Humidity 
- 1.086 Kind of Workspace_1 - 0.844 Kind of Workspace_2 
- 0.531 Kind of Workspace_3 + 0.120 Kind of Workspace_4 
+ 2.340 Kind of Workspace_5 - 0.856 Do you sit near  (wall type):_1 
- 2.220 Do you sit near  (wall type):_2 
+ 2.415 Do you sit near  (wall type):_3 
+ 0.662 Do you sit near  (wall type):_4 + 0.00496 Temperature*Temperature 
+ 0.000308 Outside Relative Humidity*Outside Relative Humidity 
- 0.000015 Light*Do you sit near  (wall type):_1 
+ 0.000412 Light*Do you sit near  (wall type):_2 
- 0.001110 Light*Do you sit near  (wall type):_3 
+ 0.000713 Light*Do you sit near  (wall type):_4 
+ 0.0430 Temperature*Kind of Workspace_1 
+ 0.0377 Temperature*Kind of Workspace_2 
+ 0.0237 Temperature*Kind of Workspace_3 
- 0.0056 Temperature*Kind of Workspace_4 
- 0.0988 Temperature*Kind of Workspace_5 
- 0.00002 Relative Humidity*Do you sit near  (wall type):_1 
+ 0.00539 Relative Humidity*Do you sit near  (wall type):_2 
- 0.00676 Relative Humidity*Do you sit near  (wall type):_3 
+ 0.00139 Relative Humidity*Do you sit near  (wall type):_4 
+ 0.000771 Outside temperature*Outside Relative Humidity 
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4. To outline the inter-dependencies of various indoor environmental factors 
affecting occupant comfort and productivity. 
This objective was achieved through data analysis. Response surface 
methodology and Pareto charts outlined different factors that had inter-
dependencies on each other while affecting the overall occupant 
comfort and productivity. These interdependencies are listed in chapter 
four and discussed in chapter five.   
5. To develop suggestions and recommendations for the built environment 
professionals to incorporate occupant productivity and indoor 
environmental quality in office design. 
This objective was achieved in the discussion chapter (chapter five). The 
contributions and recommendations of the research are presented in the 
forthcoming sections in this chapter. Design recommendations are listed 
below: 
IEQ factor Design Recommendations 
Thermal 
Comfort 
Create buffer zones to reduce temperature shock – Create 
shaded zones with water bodies around building an 
entrance to create low temperature and high humidity 
area. 
Indoor Air 
Comfort 
Use of indoor plants (air cleaning) in office zones away from 
fresh air supply fans in the building (Air cleaning + Biophilia) 
Acoustic 
Comfort 
Use of Masking noise in PA speakers to reduce noise spikes  
Semi-permeable screens in open plan zone to improve 
acoustics 
Visual  
Comfort 
Orient office layout to allow maximum sunlight into the 
floor area 
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Use of translucent glass for rooms to improve light dispersion 
Office 
Layout 
Design and use storage units to create privacy yet 
maximum use of the space 
Table 6.1 – Design Recommendations 
6.1.1 Holistic View 
These design recommendations are the outcomes of the research study. 
They are highly applicable and beneficial in improving occupant comfort 
and productivity in an office environment in Qatar. However, these 
recommendations should not be considered in isolation. All the above 
design recommendations are based on indoor environmental parameters 
that constitute the indoor environment of an office. They all have a direct 
and indirect impact on each other, and proposed design 
recommendation should be applied with a holistic view and 
understanding of the context. For instance, allowing maximum sunlight to 
gain visual comfort can increase temperature and reduction in humidity. It 
can create an impact on occupant’s thermal comfort. Indirect sunlight 
can be gained from the South and North side due to the high angle of the 
sun and avoided from East or West. It will result in improving the visual 
comfort yet have not the significant impact of the thermal environment of 
space. It is also easy to block the high sun in the North and South using 
small overhangs. It also helps in reducing electricity usage for maintaining 
the thermal environment. 
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Similarly, office layout design to create privacy using storage unit might 
create some local ‘cold spots’ in the office. These areas have a lower 
temperature than overall office temperature. It can be avoided by 
designing the air-conditioning supply while considering the office layout, 
high storage unit and partition walls. 
Indoor Air Comfort is improved by using indoor plants and is beneficial for 
occupant comfort and productivity. However, if we place too many 
indoor plants, they may affect the relative humidity of the space and thus 
affecting the thermal comfort of the occupants. Hence, indoor plants 
should be uniformly placed with careful consideration of air changes set in 
the air-conditioning system.  
Above examples present situations that underline the significance of 
holistic view while applying the design recommendations in an office 
building.   
6.2 Conclusion of Research 
Here is a summary of the main conclusions drawn from this research study. 
There are primarily five conclusions: 
1) The research started with investigating the degree of impact of indoor 
environmental quality factors on occupant productivity in an office 
building. It focused on Doha, Qatar, due to its importance of being one of 
the most developing capitals and overall region’s growth in similar 
climatic-region. Literature helped to list the main factors that influence 
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occupant comfort and productivity. It confirmed that indoor 
environmental factors have a significant impact on occupant 
productivity. It also presented the complexity of measuring and 
understanding comfort and productivity. Comfort is a direct response to 
the physical parameters. Comfort range for any physical parameter 
ranges from person to person. It also highlighted the lack of direct focus 
on occupant productivity in building standards and design guidelines. 
Comfort and productivity do not usually overlap entirely, as comfort range 
is broader than productivity range. It is not necessary that comfortable 
occupants are productive in the entire range, a finding that was also 
confirmed in the research results. In case of temperature, the widely 
accepted comfortable range is 21°c - 26°c. However, the maximum 
productivity range is from 21°c – 24°c. 
2) Similarly, standards recommend carbon dioxide levels to be 1000 ppm or 
below for comfortable and healthy indoor air quality. However, research 
results suggest that carbon dioxide had a positive impact on productivity 
up to 500 ppm. In case of light, a person can see clearly from 100 lux, but 
research results outlined that 350 – 500 lux range to be positive for 
occupant productive. All the guidelines are designed to focus on comfort 
and well-being. They recommend ranges for different physical parameters 
based on studies conducted in a single type of climate. A lot of these 
ranges are vague and had received a spectrum of response when tested 
on different occupant profiles. There is a need to improve the 
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classification and focus of different building standards and guidelines 
based on climate and occupant profile.  
3) One of the significant results of the research study is the recommended 
levels (section 4.9) of the productive range of indoor environmental 
quality factors. 
a. Temperature - 21-24.5°c 
b. Relative Humidity – 40-60% 
c. Carbon Dioxide – Below 550 ppm 
d. VOC – 75% VOC Free air (volume) 
e. Lux levels – 300 – 450 Lux 
f. Natural light: Access to direct natural light via a direct window or 
indirect access through atrium etc. 
g. Sound levels – up to 45 dB 
h. Office layout:  
i. Sharing up to three people 
ii. A room with good acoustics can be shared while avoiding 
open plan 
Currently, no building guidelines and standards have a recommended range 
for different indoor environmental quality factors focusing on occupant 
productivity. This research experiment and results are the first of its kind to 
investigate and prescribe a recommended range of productivity in offices. 
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Building guidelines in the middle-east region are suggested to adopt 
recommended ranges from this research study. 
4) The research results have also outlined the inter-dependencies of different 
indoor environmental quality factors and indirect effects on occupant 
productivity. Some of the inter-dependencies were identified in the 
literature, and some were identified in the experiment. These are 
presented and discussed in chapter five. These unique cases of one 
physical parameter affecting other factor and its impact on occupant 
productivity provide a significant opportunity for future research 
endeavours in the field of indoor environmental quality and occupant 
comfort and productivity. 
5) This research study aimed to develop a mathematical model that would 
present the relationship between occupant productivity and indoor 
environmental quality factors. The study produced eight equations 
addressing eight indoor environment parameters under five indoor 
environmental quality factors. These equations can be used to calculate 
occupant productivity for each of the indoor environmental factors. 
Design industry professionals in Qatar can use these equations. They also 
provide an excellent example for researchers to investigate similar types of 
relationship in other types of buildings and climate zones. 
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6.3 Contribution of Research 
This section outlines the contributions of this research study. This research 
study has different contributions in both industry and academia. 
6.3.1 Contribution to Industry 
The following are the contributions to the industry: 
1) This research study is one of the first to analyse indoor environmental 
quality factors focusing on occupant productivity in an office building 
in the middle-east region. It will help to provide a comprehensive 
understanding of occupant productivity and its relevance in office 
design for any design professional in Qatar and has provided some 
design recommendations that would be beneficial to built 
environment professionals to design health and productive buildings for 
office occupants in Qatar.  
2) The mathematical model (set of equations) produced in the study can 
be used by industry professionals to design office spaces with higher 
occupant productivity and satisfaction levels. These equations can be 
incorporated in design guidelines in the middle- east region. 
3) The recommended range of indoor environmental quality factors 
produced in the research study can be used to improve current 
building standards and office design guidelines in Qatar. 
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4) This study provides future research and development direction for the 
green building rating system across the globe. Currently, no building 
rating system outlines the IEQ factors that influence occupant 
productivity. Green building guidelines focus on reducing energy 
consumption and carbon footprint. This research study would be a 
unique effort to contributete a robust study for researchers to develop 
new criteria for green building rating systems and update the 
guidelines for office buildings. 
6.3.2 Contribution to Knowledge 
This research study makes the following contributions to knowledge: 
1. It provided a significant new contribution to existing knowledge on 
occupant productivity and indoor environmental quality. It has 
produced some useful literature that adds to the knowledge of indoor 
environmental quality on five physical factors. 
2. It has highlighted various inter-dependencies and indirect effect of 
occupant comfort and productivity. These unique relationships are 
new to the literature and provide an excellent starting point for 
researchers in this area of indoor environmental quality. 
3. It has contributed to the existing knowledge of metrics and 
methodologies that analyse the impact of indoor environmental factor 
on occupant comfort in an office building. Data collection was done 
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by the latest compact wireless sensors, and data analysis was done 
using response surface methodology. 
4. This study is first of its kind and provides as a strong illustration to 
conduct similar studies in different types of buildings such as schools, 
universities and hospitals to improve productivity and comfort. It can 
also be conducted in a different type of climate zones. 
5. This study presented various mathematical equations for different types 
of comfort and productivity that establish the relationship between 
indoor environmental quality and occupant productivity. These models 
can be used as a significant starting point for architectural environment 
researchers for new research endeavours in a similar subject area. 
6.4 Limitations of Research 
The purpose of this research was to investigate indoor environmental quality 
factors and their effect on occupant productivity in office buildings in Qatar. 
It would help to improve the building design and operation in Qatar and 
improve occupant comfort and productivity. Summarised below are the 
limitations of the study: 
1. The focus of the research study is limited to the physical environmental 
factors and doesn’t include behavioural factors. The behavioural and 
emotional health of an occupant influences their comfort and 
productivity in offices. However, these non-physical factors are 
challenging to measure and may fluctuate rapidly and vary person to 
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person. So, the non-physical dimension of the environment wasn’t 
included in the study. It also has to be noted that the results of this 
study would be used in an office with similar non-physical factors with 
no control. Although it is a limitation, the applicability of the results is still 
valid and robust. 
2. Occupant productivity was calculated based on occupant survey. The 
organisation refused to share any performance measurement 
mechanism, due to privacy and confidentiality issues. Literature 
suggests that an occupant tends to respond positively to productivity 
questions. It was addressed by changing the question from ‘how 
productive are you?’ to ‘how has the following indoor environmental 
factor affected your productivity?’ 
3. This research has only focused on office buildings in Doha, Qatar, with 
middle-eastern climatic conditions. Its results are only applicable to 
buildings in similar climatic conditions. 
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6.5 Recommendation of Future Research  
1. This research provides a robust starting point for researchers to 
investigate indoor environmental quality and occupant productivity. It 
can be used as an example and applied to investigate similar 
relationships in different types of buildings in various types of climatic 
conditions. 
2. The regression equations provide a good starting point to investing 
second and third level inter-dependencies between different indoor 
environmental quality factors. Researchers can analyse equations to 
underline more of such relationships. 
3. The recommended range of current results should be used to update 
green building guidelines in the middle-east region. Future research 
can be conducted using pilot studies in office buildings. 
4. This research experiment was conducted using wireless sensors and 
online data collection, storage system. It is one of the first studies to use 
response surface methodology to develop regression equations and list 
the inter-dependencies in the area of occupant comfort and 
productivity. The elevation in technology-enabled this research to 
achieve its unique aim and objectives. It also provides an opportunity 
to tap into other emergent technologies, such as Building Information 
Modelling (BIM), City Information Modelling (CIM), and Big Data 
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analysis, Cloud computing and Geographical Information Systems 
(GIS).  
a. Efficient use of BIM and GIS is already used to manage big 
buildings, campus and IT parks. They are used to collect 
occupant data and analyse the occupancy pattern in both 
visual and data formats. It helps to change the building 
management system from a reactive system to a proactive 
system, regarding energy efficiency and occupant security. 
Results from this research combined with a SMART building 
management system that uses BIM and GIS system can be used 
to manage indoor environmental quality parameters and 
promote a healthy and productive indoor environment in 
commercial and educational building complexes in Qatar. 
b. A similar combination of emergent technologies can be used to 
create a SMART city model. There is a potential to apply CIM, 
BIM, GIS and Big Data Analytics along with research output from 
this research to improve the productivity at the city level in Doha, 
Qatar. Commercial buildings in Doha can apply these research 
results and recommendations to design and operate at 
prescribed levels of indoor environmental factors. A graphical 
and data model (BIM) can be developed and connect using 
CIM data systems can potentially provide a city level operational 
model for connected buildings with access to data such as 
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energy usage (volume and type), occupancy habit and pattern. 
This, combined with analysis of their response to online city level 
survey to indoor environment’s quality, can lead to developing a 
SMART city model that interacts with its office workers to improve 
their productivity. This framework will require setting up at 
different levels, but the financial, health and social benefits at 
the city level would significantly help the national growth of 
Qatar. 
6.6 Summary 
This chapter has presented the conclusion and recommendations of this 
research study. It first outlines the achievement of the research aim and 
objectives. All the objectives were met, and thus, the aim of the research 
study was also achieved. The following part presented and explained five 
conclusions of the research study, including an outline of the five strands of 
conclusions. These were in the area of understanding and knowledge of 
indoor environmental quality and complexity of measuring it, recommended 
levels of indoor environmental quality factors and the importance of 
including them in green building guidelines, interdependences of various 
indoor environmental factors. The contributions of research in both industry 
and knowledge have been presented, followed by an outline of the 
limitations of the research. Finally, future research recommendations have 
been put forward. 
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8 Appendix 
8.1 Appendix – 1 - Indoor Environment Quality Survey 
1. How many years have you worked in this workplace? 
a. Less than 1 year 
b. 1-2 years 
c. 3-5 years  
d. More than 5 years 
2. In a week, how many hours do you spend at your desk in the office (do 
not include field work)? 
a. Less than 30 
b. Between 30 – 40 
c. More than 40 
3. How would you describe your job profile? 
a. Administrative support 
b. Technical  
c. Professional (GSAS/ Research)  
d. Managerial/supervisory 
e. Other 
4. What is your age? 
a. Below 30 
b. 31 – 50 
c. Over 50 
5. What is your gender? 
a. Female 
b. Male 
6. What is your ethnicity? 
a. Caucasian 
b. South Asian 
c. Far East Asian 
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d. Middle Eastern 
e. African 
f. Other 
7. What is your highest level of education? 
a. High school 
b. Bachelor degree 
c. Master degree 
d. Doctorate 
e. Other 
8. How would you describe the terrain of the place you spent most of 
your time/ grew up? 
a. Forest/countryside 
b. Beach/Coastal 
c. Desert 
d. Mountains 
e. Inland 
9. How have these factors affected your productivity in the past two 
weeks? 
 Indoor 
environment 
factor 
Very 
Negatively 
Negatively Neutral Positively Very 
Positively 
A 
Thermal 
comfort 
     
B 
Natural 
ventilation 
     
c 
Mechanical 
ventilation 
     
D 
Low-emitting 
materials 
     
E 
Illumination 
levels 
     
F Daylight      
G 
Indoor 
chemical & 
pollutant 
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source control 
H 
Acoustic 
quality 
     
I Office layout      
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8.2 Appendix – 2 – PhD Schedule 
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8.3 Appendix – 3 – Ethical Approval 
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8.4 Appendix – 4 – Response Surface Analysis – Backward 
Elimination Process (example) 
Response Surface Regression: Thermal Comfort versus ... r 
(wall type): 
The following terms cannot be estimated and were removed: 
Kind of Workspace*Do you sit near (wall type): 
Backward Elimination of Terms 
Candidate terms: Temperature, Relative Humidity, Outside temperature, Outside Relative 
     Humidity, CO2, Sound, Light, VOC, Kind of Workspace, Do you sit near (wall type):, 
     Temperature*Temperature, Relative Humidity*Relative Humidity, Outside temperature*Outside 
     temperature, Outside Relative Humidity*Outside Relative Humidity, CO2*CO2, Sound*Sound, 
     Light*Light, VOC*VOC, Temperature*Relative Humidity, Temperature*Outside temperature, 
     Temperature*Outside Relative Humidity, Temperature*CO2, Temperature*Sound, 
Temperature*Light, 
     Temperature*VOC, Temperature*Kind of Workspace, Temperature*Do you sit near (wall type):, 
     Relative Humidity*Outside temperature, Relative Humidity*Outside Relative Humidity, Relative 
     Humidity*CO2, Relative Humidity*Sound, Relative Humidity*Light, Relative Humidity*VOC, 
     Relative Humidity*Kind of Workspace, Relative Humidity*Do you sit near (wall type):, Outside 
     temperature*Outside Relative Humidity, Outside temperature*CO2, Outside temperature*Sound, 
     Outside temperature*Light, Outside temperature*VOC, Outside temperature*Kind of Workspace, 
     Outside temperature*Do you sit near (wall type):, Outside Relative Humidity*CO2, Outside 
     Relative Humidity*Sound, Outside Relative Humidity*Light, Outside Relative Humidity*VOC, 
     Outside Relative Humidity*Kind of Workspace, Outside Relative Humidity*Do you sit near (wall 
     type):, CO2*Sound, CO2*Light, CO2*VOC, CO2*Kind of Workspace, CO2*Do you sit near (wall 
     type):, Sound*Light, Sound*VOC, Sound*Kind of Workspace, Sound*Do you sit near (wall type):, 
     Light*VOC, Light*Kind of Workspace, Light*Do you sit near (wall type):, VOC*Kind of 
     Workspace, VOC*Do you sit near (wall type):, Kind of Workspace*Do you sit near 
(wall type): 
 -----Step 1----- -----Step 2----- 
 Coef P Coef P 
Constant 3.224    3.225    
Temperature 0.047 0.941 0.054 0.928 
Relative Humidity -
0.870 
0.111 -
0.865 
0.093 
Outside temperature 1.298 0.160 1.286 0.152 
Outside Relative Humidity 1.066 0.149 1.061 0.144 
CO2 0.186 0.665 0.189 0.639 
Sound -
0.443 
0.323 -
0.455 
0.264 
Light 0.195 0.775 0.188 0.780 
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VOC -
0.376 
0.623 -
0.380 
0.609 
Kind of Workspace -
1.238 
0.446 -
1.236 
0.441 
Do you sit near (wall type): 0.161 0.826 0.160 0.821 
Temperature*Temperature -
3.429 
0.000 -
3.438 
0.000 
Relative Humidity*Relative Humidity 0.461 0.068 0.463 0.064 
Outside temperature*Outside temperature -
0.827 
0.221 -
0.813 
0.218 
Outside Relative Humidity*Outside Relative 
Humidity 
0.412 0.282 0.418 0.267 
CO2*CO2 0.174 0.528 0.176 0.511 
Sound*Sound 0.106 0.748 0.109 0.734 
Light*Light 0.147 0.592 0.150 0.566 
VOC*VOC -
0.594 
0.091 -
0.595 
0.086 
Temperature*Relative Humidity -
0.157 
0.655 -
0.151 
0.660 
Temperature*Outside temperature 0.011 0.989 0.010 0.990 
Temperature*Outside Relative Humidity -
0.070 
0.889 -
0.068 
0.892 
Temperature*CO2 -
0.754 
0.049 -
0.755 
0.046 
Temperature*Sound -
0.174 
0.751 -
0.152 
0.756 
Temperature*Light -
0.070 
0.872 -
0.060 
0.887 
Temperature*VOC -
0.102 
0.769 -
0.104 
0.764 
Temperature*Kind of Workspace 1.12 0.360 1.12 0.331 
Temperature*Do you sit near (wall type): -
0.299 
0.932 -
0.306 
0.929 
Relative Humidity*Outside temperature 0.855 0.199 0.861 0.187 
Relative Humidity*Outside Relative Humidity 0.082 0.845 0.085 0.837 
Relative Humidity*CO2 0.320 0.382 0.329 0.348 
Relative Humidity*Sound -
0.246 
0.463 -
0.254 
0.434 
Relative Humidity*Light 0.211 0.487 0.211 0.479 
Relative Humidity*VOC 0.378 0.289 0.371 0.287 
Relative Humidity*Kind of Workspace 0.624 0.826 0.628 0.809 
Relative Humidity*Do you sit near (wall type): -
0.684 
0.434 -
0.679 
0.406 
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Outside temperature*Outside Relative Humidity -
0.011 
0.991 0.006 0.995 
Outside temperature*CO2 -
0.918 
0.182 -
0.922 
0.173 
Outside temperature*Sound 1.305 0.104 1.311 0.098 
Outside temperature*Light 0.010 0.987 0.009 0.988 
Outside temperature*VOC -
0.374 
0.592 -
0.364 
0.594 
Outside temperature*Kind of Workspace 3.37 0.558 3.37 0.543 
Outside temperature*Do you sit near (wall type): 1.076 0.556 -1.08 0.541 
Outside Relative Humidity*CO2 -
1.022 
0.056 -
1.021 
0.055 
Outside Relative Humidity*Sound 1.228 0.031 1.234 0.028 
Outside Relative Humidity*Light -
0.290 
0.463 -
0.290 
0.454 
Outside Relative Humidity*VOC -
0.262 
0.596 -
0.254 
0.600 
Outside Relative Humidity*Kind of Workspace 2.89 0.344 2.90 0.324 
Outside Relative Humidity*Do you sit near (wall 
type): 
0.405 0.782 0.401 0.778 
CO2*Sound -
0.052 
0.896 -
0.061 
0.875 
CO2*Light -
0.236 
0.577 -
0.243 
0.557 
CO2*VOC -
0.412 
0.280 -
0.413 
0.274 
CO2*Kind of Workspace -
0.746 
0.069 -
0.745 
0.061 
CO2*Do you sit near (wall type): -
0.360 
0.846 -
0.371 
0.798 
Sound*Light -
0.305 
0.425 -
0.316 
0.378 
Sound*VOC 0.176 0.644 0.187 0.607 
Sound*Kind of Workspace -
0.637 
0.114 -
0.638 
0.077 
Sound*Do you sit near (wall type): -
0.024 
1.000       
Light*VOC 0.701 0.089 0.703 0.084 
Light*Kind of Workspace 2.61 0.194 2.59 0.186 
Light*Do you sit near (wall type): 1.420 0.528 1.430 0.504 
VOC*Kind of Workspace -0.47 0.931 -0.47 0.928 
VOC*Do you sit near (wall type): -0.92 0.021 -0.92 0.014 
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S    0.65855
4 
   0.65476
3 
R-sq    77.00%    77.00% 
R-sq(adj)    67.42%    67.79% 
R-sq(pred)    46.55%    48.59% 
 
 
-----Step 3----- -----Step 4----- 
 Coef P Coef P 
Constant 3.225    3.225    
Temperature 0.054 0.928 0.057 0.920 
Relative Humidity -
0.865 
0.088 -
0.864 
0.087 
Outside temperature 1.288 0.133 1.287 0.130 
Outside Relative Humidity 1.062 0.119 1.062 0.117 
CO2 0.189 0.637 0.189 0.636 
Sound -
0.455 
0.263 -
0.456 
0.252 
Light 0.187 0.780 0.188 0.779 
VOC -
0.379 
0.602 -
0.378 
0.601 
Kind of Workspace -
1.236 
0.439 -
1.236 
0.433 
Do you sit near (wall type): 0.160 0.814 0.160 0.811 
Temperature*Temperature -
3.438 
0.000 -
3.438 
0.000 
Relative Humidity*Relative Humidity 0.463 0.063 0.463 0.062 
Outside temperature*Outside temperature -
0.816 
0.016 -
0.815 
0.014 
Outside Relative Humidity*Outside Relative 
Humidity 
0.416 0.100 0.415 0.091 
CO2*CO2 0.176 0.510 0.176 0.509 
Sound*Sound 0.109 0.733 0.109 0.731 
Light*Light 0.150 0.565 0.150 0.564 
VOC*VOC -
0.595 
0.086 -
0.595 
0.085 
Temperature*Relative Humidity -
0.151 
0.660 -
0.151 
0.659 
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Temperature*Outside temperature 0.011 0.989       
Temperature*Outside Relative Humidity -
0.068 
0.891 -
0.073 
0.834 
Temperature*CO2 -
0.755 
0.045 -
0.754 
0.041 
Temperature*Sound -
0.152 
0.756 -
0.152 
0.755 
Temperature*Light -
0.059 
0.886 -
0.059 
0.886 
Temperature*VOC -
0.104 
0.763 -
0.103 
0.763 
Temperature*Kind of Workspace 1.12 0.329 1.12 0.317 
Temperature*Do you sit near (wall type): -
0.306 
0.929 -
0.306 
0.927 
Relative Humidity*Outside temperature 0.862 0.151 0.861 0.147 
Relative Humidity*Outside Relative Humidity 0.086 0.826 0.086 0.826 
Relative Humidity*CO2 0.329 0.344 0.330 0.335 
Relative Humidity*Sound -
0.254 
0.433 -
0.254 
0.430 
Relative Humidity*Light 0.210 0.476 0.210 0.473 
Relative Humidity*VOC 0.371 0.286 0.371 0.284 
Relative Humidity*Kind of Workspace 0.628 0.808 0.628 0.806 
Relative Humidity*Do you sit near (wall type): -
0.679 
0.405 -
0.679 
0.402 
Outside temperature*Outside Relative Humidity             
Outside temperature*CO2 -
0.922 
0.172 -
0.921 
0.170 
Outside temperature*Sound 1.311 0.095 1.315 0.069 
Outside temperature*Light 0.009 0.988 0.010 0.987 
Outside temperature*VOC -
0.366 
0.575 -
0.366 
0.574 
Outside temperature*Kind of Workspace 3.37 0.539 3.37 0.529 
Outside temperature*Do you sit near (wall type): -1.08 0.530 -1.08 0.522 
Outside Relative Humidity*CO2 -
1.021 
0.054 -
1.021 
0.053 
Outside Relative Humidity*Sound 1.234 0.027 1.236 0.020 
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Outside Relative Humidity*Light -
0.290 
0.453 -
0.290 
0.451 
Outside Relative Humidity*VOC -
0.255 
0.592 -
0.255 
0.591 
Outside Relative Humidity*Kind of Workspace 2.90 0.315 2.90 0.312 
Outside Relative Humidity*Do you sit near (wall 
type): 
0.400 0.777 0.400 0.776 
CO2*Sound -
0.061 
0.875 -
0.062 
0.872 
CO2*Light -
0.243 
0.556 -
0.242 
0.550 
CO2*VOC -
0.413 
0.270 -
0.413 
0.267 
CO2*Kind of Workspace -
0.745 
0.059 -
0.746 
0.054 
CO2*Do you sit near (wall type): -
0.371 
0.797 -
0.372 
0.792 
Sound*Light -
0.316 
0.376 -
0.316 
0.375 
Sound*VOC 0.186 0.602 0.186 0.598 
Sound*Kind of Workspace -
0.638 
0.076 -
0.638 
0.075 
Sound*Do you sit near (wall type):             
Light*VOC 0.703 0.082 0.704 0.077 
Light*Kind of Workspace 2.59 0.183 2.59 0.179 
Light*Do you sit near (wall type): 1.430 0.497 1.430 0.495 
VOC*Kind of Workspace -0.47 0.924 -0.47 0.923 
VOC*Do you sit near (wall type): -0.92 0.013 -0.92 0.013 
               
S    0.65350
7 
   0.65225
9 
R-sq    77.00%    77.00% 
R-sq(adj)    67.92%    68.04% 
R-sq(pred)    49.04%    49.52% 
 -----Step 5----- ------Step 6----- 
 Coef P Coef P 
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Constant 3.225    3.214    
Temperature 0.058 0.918 0.143 0.780 
Relative Humidity -
0.864 
0.086 -0.819 0.094 
Outside temperature 1.286 0.129 1.265 0.132 
Outside Relative Humidity 1.062 0.117 1.055 0.115 
CO2 0.188 0.634 0.126 0.736 
Sound -
0.456 
0.251 -0.469 0.234 
Light 0.190 0.772 0.196 0.762 
VOC -
0.379 
0.600 -0.422 0.554 
Kind of Workspace -
1.237 
0.430 -1.228 0.407 
Do you sit near (wall type): 0.160 0.809 0.160 0.822 
Temperature*Temperature -
3.438 
0.000 -3.391 0.000 
Relative Humidity*Relative Humidity 0.463 0.062 0.459 0.060 
Outside temperature*Outside temperature -
0.815 
0.013 -0.812 0.013 
Outside Relative Humidity*Outside Relative 
Humidity 
0.416 0.089 0.426 0.077 
CO2*CO2 0.175 0.505 0.172 0.507 
Sound*Sound 0.109 0.731 0.134 0.651 
Light*Light 0.149 0.563 0.131 0.607 
VOC*VOC -
0.594 
0.084 -0.591 0.078 
Temperature*Relative Humidity -
0.151 
0.657 -0.137 0.683 
Temperature*Outside temperature             
Temperature*Outside Relative Humidity -
0.072 
0.834 -0.065 0.849 
Temperature*CO2 -
0.753 
0.039 -0.720 0.040 
Temperature*Sound -
0.152 
0.754 -0.208 0.658 
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Temperature*Light -
0.059 
0.886 -0.030 0.936 
Temperature*VOC -
0.103 
0.762 -0.097 0.773 
Temperature*Kind of Workspace 1.12 0.315 1.15 0.335 
Temperature*Do you sit near (wall type): -
0.305 
0.926       
Relative Humidity*Outside temperature 0.861 0.146 0.852 0.142 
Relative Humidity*Outside Relative Humidity 0.086 0.826 0.089 0.819 
Relative Humidity*CO2 0.329 0.331 0.351 0.296 
Relative Humidity*Sound -
0.253 
0.423 -0.268 0.387 
Relative Humidity*Light 0.210 0.472 0.222 0.442 
Relative Humidity*VOC 0.371 0.283 0.389 0.256 
Relative Humidity*Kind of Workspace 0.627 0.799 0.604 0.808 
Relative Humidity*Do you sit near (wall type): -
0.678 
0.396 -0.552 0.412 
Outside temperature*Outside Relative Humidity             
Outside temperature*CO2 -
0.919 
0.163 -0.945 0.144 
Outside temperature*Sound 1.313 0.066 1.309 0.064 
Outside temperature*Light             
Outside temperature*VOC -
0.363 
0.565 -0.387 0.534 
Outside temperature*Kind of Workspace 3.37 0.524 3.35 0.507 
Outside temperature*Do you sit near (wall type): -1.08 0.505 -1.18 0.465 
Outside Relative Humidity*CO2 -
1.020 
0.052 -1.006 0.048 
Outside Relative Humidity*Sound 1.235 0.019 1.232 0.017 
Outside Relative Humidity*Light -
0.294 
0.302 -0.281 0.316 
Outside Relative Humidity*VOC -
0.254 
0.590 -0.255 0.585 
Outside Relative Humidity*Kind of Workspace 2.90 0.310 2.84 0.318 
Outside Relative Humidity*Do you sit near (wall 
type): 
0.398 0.757 0.440 0.731 
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CO2*Sound -
0.062 
0.872 -0.076 0.841 
CO2*Light -
0.242 
0.549 -0.218 0.578 
CO2*VOC -
0.413 
0.264 -0.399 0.275 
CO2*Kind of Workspace -
0.746 
0.053 -0.760 0.041 
CO2*Do you sit near (wall type): -
0.373 
0.790 -0.556 0.640 
Sound*Light -
0.317 
0.372 -0.328 0.351 
Sound*VOC 0.187 0.587 0.207 0.542 
Sound*Kind of Workspace -
0.638 
0.074 -0.647 0.049 
Sound*Do you sit near (wall type):             
Light*VOC 0.705 0.074 0.732 0.061 
Light*Kind of Workspace 2.59 0.174 2.58 0.184 
Light*Do you sit near (wall type): 1.430 0.492 1.469 0.451 
VOC*Kind of Workspace -0.47 0.921 -
0.5201 
0.917 
VOC*Do you sit near (wall type): -0.92 0.012 -1.03 0.009 
               
S    0.65101
8 
   0.64791
0 
R-sq    77.00%    76.96% 
R-sq(adj)    68.16%    68.46% 
R-sq(pred)    50.33%    51.03% 
 ------Step 7----- -----Step 8----- 
 Coef P Coef P 
Constant 3.214    3.278    
Temperature 0.139 0.785 0.102 0.833 
Relative Humidity -0.820 0.093 -
0.723 
0.089 
Outside temperature 1.268 0.130 1.049 0.125 
Outside Relative Humidity 1.057 0.114 0.841 0.087 
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CO2 0.131 0.721 0.196 0.579 
Sound -0.471 0.232 -
0.510 
0.177 
Light 0.193 0.766 0.144 0.801 
VOC -0.423 0.553 -
0.122 
0.793 
Kind of Workspace -1.231 0.398 -
1.104 
0.305 
Do you sit near (wall type): 0.161 0.810 0.173 0.690 
Temperature*Temperature -3.390 0.000 -
3.337 
0.000 
Relative Humidity*Relative Humidity 0.459 0.059 0.457 0.057 
Outside temperature*Outside temperature -0.811 0.012 -
0.844 
0.008 
Outside Relative Humidity*Outside Relative 
Humidity 
0.426 0.076 0.453 0.055 
CO2*CO2 0.174 0.500 0.182 0.472 
Sound*Sound 0.133 0.653 0.161 0.578 
Light*Light 0.127 0.610 0.132 0.592 
VOC*VOC -0.588 0.078 -
0.564 
0.086 
Temperature*Relative Humidity -0.135 0.687 -
0.129 
0.695 
Temperature*Outside temperature             
Temperature*Outside Relative Humidity -0.065 0.849 -
0.072 
0.830 
Temperature*CO2 -0.722 0.038 -
0.739 
0.033 
Temperature*Sound -0.204 0.662 -
0.259 
0.574 
Temperature*Light             
Temperature*VOC -0.095 0.777 -
0.092 
0.779 
Temperature*Kind of Workspace 1.14 0.317 0.982 0.264 
Temperature*Do you sit near (wall type):             
Relative Humidity*Outside temperature 0.850 0.142 0.835 0.144 
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Relative Humidity*Outside Relative Humidity 0.091 0.813 0.090 0.812 
Relative Humidity*CO2 0.351 0.293 0.343 0.300 
Relative Humidity*Sound -0.270 0.380 -
0.271 
0.367 
Relative Humidity*Light 0.220 0.443 0.215 0.448 
Relative Humidity*VOC 0.387 0.256 0.389 0.245 
Relative Humidity*Kind of Workspace 0.607 0.805 -
0.480 
0.866 
Relative Humidity*Do you sit near (wall type): -0.551 0.402 -
0.589 
0.384 
Outside temperature*Outside Relative Humidity             
Outside temperature*CO2 -0.955 0.132 -
0.998 
0.110 
Outside temperature*Sound 1.313 0.062 1.300 0.058 
Outside temperature*Light             
Outside temperature*VOC -0.393 0.524 -
0.514 
0.391 
Outside temperature*Kind of Workspace 3.35 0.498 2.96 0.284 
Outside temperature*Do you sit near (wall type): -1.18 0.457 -1.18 0.485 
Outside Relative Humidity*CO2 -1.009 0.046 -
0.997 
0.046 
Outside Relative Humidity*Sound 1.233 0.017 1.191 0.020 
Outside Relative Humidity*Light -0.276 0.311 -
0.258 
0.337 
Outside Relative Humidity*VOC -0.257 0.581 -
0.309 
0.500 
Outside Relative Humidity*Kind of Workspace 2.84 0.316 2.39 0.083 
Outside Relative Humidity*Do you sit near (wall 
type): 
0.444 0.724 0.420 0.743 
CO2*Sound -0.076 0.841 -
0.055 
0.883 
CO2*Light -0.225 0.557 -
0.250 
0.508 
CO2*VOC -0.398 0.276 -
0.415 
0.250 
CO2*Kind of Workspace -0.759 0.039 - 0.041 
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0.812 
CO2*Do you sit near (wall type): -0.554 0.640 -
0.481 
0.661 
Sound*Light -0.334 0.332 -
0.320 
0.341 
Sound*VOC 0.205 0.544 0.251 0.442 
Sound*Kind of Workspace -0.649 0.046 -
0.684 
0.028 
Sound*Do you sit near (wall type):             
Light*VOC 0.726 0.058 0.612 0.056 
Light*Kind of Workspace 2.58 0.154 2.20 0.083 
Light*Do you sit near (wall type): 1.469 0.450 1.455 0.421 
VOC*Kind of Workspace -
0.5281 
0.917       
VOC*Do you sit near (wall type): -1.03 0.008 -0.85 0.005 
               
S    0.64670
3 
   0.64305
6 
R-sq    76.95%    76.87% 
R-sq(adj)    68.58%    68.94% 
R-sq(pred)    51.33%    54.27% 
 -----Step 9----- -----Step 10---- 
 Coef P Coef P 
Constant 3.269    3.316    
Temperature 0.103 0.833 0.140 0.725 
Relative Humidity -
0.727 
0.087 -
0.628 
0.071 
Outside temperature 1.045 0.125 0.924 0.124 
Outside Relative Humidity 0.829 0.086 0.775 0.050 
CO2 0.184 0.591 0.223 0.502 
Sound -
0.488 
0.159 -
0.543 
0.110 
Light 0.143 0.802 0.144 0.798 
VOC -
0.136 
0.765 -
0.094 
0.836 
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Kind of Workspace -
1.116 
0.271 -
1.045 
0.292 
Do you sit near (wall type): 0.176 0.671 0.165 0.687 
Temperature*Temperature -
3.331 
0.000 -
3.347 
0.000 
Relative Humidity*Relative Humidity 0.459 0.055 0.427 0.070 
Outside temperature*Outside temperature -
0.844 
0.008 -
0.807 
0.010 
Outside Relative Humidity*Outside Relative 
Humidity 
0.454 0.054 0.459 0.050 
CO2*CO2 0.178 0.479 0.174 0.486 
Sound*Sound 0.158 0.584 0.152 0.592 
Light*Light 0.133 0.589 0.141 0.564 
VOC*VOC -
0.552 
0.083 -
0.529 
0.093 
Temperature*Relative Humidity -
0.132 
0.687 -
0.085 
0.788 
Temperature*Outside temperature             
Temperature*Outside Relative Humidity -
0.075 
0.824 -
0.077 
0.815 
Temperature*CO2 -
0.760 
0.016 -
0.744 
0.016 
Temperature*Sound -
0.270 
0.550 -
0.254 
0.567 
Temperature*Light             
Temperature*VOC -
0.094 
0.774 -
0.075 
0.817 
Temperature*Kind of Workspace 0.978 0.258 1.047 0.176 
Temperature*Do you sit near (wall type):             
Relative Humidity*Outside temperature 0.843 0.137 0.748 0.173 
Relative Humidity*Outside Relative Humidity 0.089 0.814 0.029 0.938 
Relative Humidity*CO2 0.337 0.304 0.257 0.412 
Relative Humidity*Sound -
0.259 
0.369 -
0.227 
0.425 
Relative Humidity*Light 0.216 0.445 0.166 0.518 
Relative Humidity*VOC 0.395 0.234 0.439 0.167 
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Relative Humidity*Kind of Workspace -
0.479 
0.868       
Relative Humidity*Do you sit near (wall type): -
0.587 
0.376 -
0.465 
0.425 
Outside temperature*Outside Relative Humidity             
Outside temperature*CO2 -
1.003 
0.107 -
0.912 
0.126 
Outside temperature*Sound 1.302 0.057 1.227 0.069 
Outside temperature*Light             
Outside temperature*VOC -
0.498 
0.397 -
0.527 
0.364 
Outside temperature*Kind of Workspace 3.00 0.260 2.69 0.280 
Outside temperature*Do you sit near (wall type): -1.17 0.485 -1.16 0.520 
Outside Relative Humidity*CO2 -
1.017 
0.034 -
0.950 
0.039 
Outside Relative Humidity*Sound 1.206 0.016 1.142 0.019 
Outside Relative Humidity*Light -
0.259 
0.335 -
0.269 
0.306 
Outside Relative Humidity*VOC -
0.303 
0.505 -
0.304 
0.495 
Outside Relative Humidity*Kind of Workspace 2.41 0.079 2.323 0.086 
Outside Relative Humidity*Do you sit near (wall 
type): 
0.418 0.743 0.375 0.791 
CO2*Sound             
CO2*Light -
0.244 
0.515 -
0.307 
0.402 
CO2*VOC -
0.411 
0.252 -
0.361 
0.299 
CO2*Kind of Workspace 0.796 0.034 0.616 0.036 
CO2*Do you sit near (wall type): 0.480 0.663 0.335 0.730 
Sound*Light 0.324 0.332 0.308 0.348 
Sound*VOC 0.260 0.418 0.259 0.412 
Sound*Kind of Workspace -
0.680 
0.027 -
0.626 
0.018 
Sound*Do you sit near (wall type):             
Light*VOC 0.606 0.056 0.591 0.059 
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Light*Kind of Workspace 2.19 0.082 2.19 0.064 
Light*Do you sit near (wall type): 1.448 0.423 1.462 0.392 
VOC*Kind of Workspace             
VOC*Do you sit near (wall type): -0.85 0.005 -0.77 0.005 
               
S    0.64189
9 
   0.63870
2 
R-sq    76.87%    76.76% 
R-sq(adj)    69.05%    69.35% 
R-sq(pred)    54.82%    59.29% 
 -----Step 11---- -----Step 12---- 
 Coef P Coef P 
Constant 3.315    3.320    
Temperature 0.139 0.726 0.121 0.756 
Relative Humidity -
0.625 
0.070 -
0.622 
0.070 
Outside temperature 0.924 0.123 0.917 0.125 
Outside Relative Humidity 0.776 0.050 0.777 0.049 
CO2 0.221 0.504 0.229 0.485 
Sound -
0.541 
0.110 -
0.537 
0.111 
Light 0.143 0.799 0.135 0.809 
VOC -
0.089 
0.842 -
0.087 
0.846 
Kind of Workspace -
1.043 
0.288 -
1.032 
0.292 
Do you sit near (wall type): 0.164 0.687 0.164 0.691 
Temperature*Temperature -
3.348 
0.000 -
3.348 
0.000 
Relative Humidity*Relative Humidity 0.431 0.059 0.436 0.054 
Outside temperature*Outside temperature -
0.804 
0.010 -
0.797 
0.010 
Outside Relative Humidity*Outside Relative 
Humidity 
0.461 0.048 0.461 0.048 
CO2*CO2 0.174 0.483 0.170 0.492 
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Sound*Sound 0.150 0.594 0.140 0.614 
Light*Light 0.138 0.567 0.142 0.554 
VOC*VOC -
0.531 
0.090 -
0.538 
0.083 
Temperature*Relative Humidity -
0.083 
0.793 -
0.074 
0.812 
Temperature*Outside temperature             
Temperature*Outside Relative Humidity -
0.077 
0.814 -
0.063 
0.845 
Temperature*CO2 -
0.743 
0.016 -
0.733 
0.016 
Temperature*Sound -
0.254 
0.567 -
0.234 
0.590 
Temperature*Light             
Temperature*VOC -
0.074 
0.819       
Temperature*Kind of Workspace 1.045 0.175 1.055 0.177 
Temperature*Do you sit near (wall type):             
Relative Humidity*Outside temperature 0.717 0.062 0.708 0.064 
Relative Humidity*Outside Relative Humidity             
Relative Humidity*CO2 0.255 0.413 0.254 0.415 
Relative Humidity*Sound -
0.230 
0.412 -
0.232 
0.408 
Relative Humidity*Light 0.168 0.512 0.163 0.522 
Relative Humidity*VOC 0.441 0.164 0.436 0.167 
Relative Humidity*Kind of Workspace             
Relative Humidity*Do you sit near (wall type): -
0.464 
0.425 -
0.462 
0.421 
Outside temperature*Outside Relative Humidity             
Outside temperature*CO2 -
0.921 
0.115 -
0.930 
0.110 
Outside temperature*Sound 1.217 0.065 1.209 0.066 
Outside temperature*Light             
Outside temperature*VOC -
0.533 
0.354 -
0.534 
0.352 
Outside temperature*Kind of Workspace 2.69 0.278 2.70 0.276 
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Outside temperature*Do you sit near (wall type): -1.16 0.516 -1.16 0.516 
Outside Relative Humidity*CO2 -
0.959 
0.032 -
0.972 
0.028 
Outside Relative Humidity*Sound 1.137 0.019 1.135 0.019 
Outside Relative Humidity*Light -
0.267 
0.306 -
0.266 
0.307 
Outside Relative Humidity*VOC -
0.308 
0.485 -
0.314 
0.476 
Outside Relative Humidity*Kind of Workspace 2.318 0.085 2.328 0.082 
Outside Relative Humidity*Do you sit near (wall 
type): 
0.376 0.782 0.375 0.781 
CO2*Sound             
CO2*Light -
0.304 
0.404 -
0.306 
0.399 
CO2*VOC -
0.359 
0.299 -
0.372 
0.274 
CO2*Kind of Workspace -
0.620 
0.034 -
0.609 
0.034 
CO2*Do you sit near (wall type): -
0.335 
0.728 -
0.338 
0.727 
Sound*Light -
0.307 
0.348 -
0.310 
0.342 
Sound*VOC 0.257 0.413 0.221 0.416 
Sound*Kind of Workspace -
0.625 
0.017 0.622 0.017 
Sound*Do you sit near (wall type):             
Light*VOC 0.595 0.055 0.590 0.056 
Light*Kind of Workspace 2.19 0.062 2.12 0.062 
Light*Do you sit near (wall type): 1.463 0.391 1.467 0.391 
VOC*Kind of Workspace             
VOC*Do you sit near (wall type): -0.77 0.005 -0.77 0.005 
               
S    0.63755
5 
   0.63646
7 
R-sq    76.76%    76.76% 
R-sq(adj)    69.46%    69.57% 
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R-sq(pred)    59.54%    59.97% 
 -----Step 13---- -----Step 14---- 
 Coef P Coef P 
Constant 3.324    3.317    
Temperature 0.142 0.704 0.164 0.649 
Relative Humidity -
0.616 
0.071 -
0.612 
0.073 
Outside temperature 0.907 0.127 0.900 0.129 
Outside Relative Humidity 0.775 0.049 0.773 0.049 
CO2 0.226 0.490 0.216 0.505 
Sound -
0.538 
0.110 -
0.545 
0.104 
Light 0.137 0.806 0.142 0.799 
VOC -
0.088 
0.844 -
0.091 
0.838 
Kind of Workspace -
1.022 
0.294 -
1.043 
0.274 
Do you sit near (wall type): 0.170 0.646 0.175 0.639 
Temperature*Temperature -
3.343 
0.000 -
3.331 
0.000 
Relative Humidity*Relative Humidity 0.434 0.054 0.440 0.050 
Outside temperature*Outside temperature -
0.798 
0.010 -
0.794 
0.010 
Outside Relative Humidity*Outside Relative 
Humidity 
0.462 0.047 0.461 0.047 
CO2*CO2 0.172 0.487 0.168 0.494 
Sound*Sound 0.135 0.625 0.126 0.645 
Light*Light 0.147 0.536 0.151 0.524 
VOC*VOC -
0.538 
0.082 -
0.543 
0.078 
Temperature*Relative Humidity -
0.078 
0.804       
Temperature*Outside temperature             
Temperature*Outside Relative Humidity             
Temperature*CO2 -
0.720 
0.015 -
0.705 
0.015 
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Temperature*Sound -
0.237 
0.584 -
0.251 
0.559 
Temperature*Light             
Temperature*VOC             
Temperature*Kind of Workspace 1.058 0.177 1.066 0.176 
Temperature*Do you sit near (wall type):             
Relative Humidity*Outside temperature 0.701 0.065 0.693 0.066 
Relative Humidity*Outside Relative Humidity             
Relative Humidity*CO2 0.259 0.404 0.247 0.419 
Relative Humidity*Sound -
0.223 
0.420 -
0.257 
0.285 
Relative Humidity*Light 0.168 0.505 0.172 0.494 
Relative Humidity*VOC 0.438 0.164 0.439 0.162 
Relative Humidity*Kind of Workspace             
Relative Humidity*Do you sit near (wall type): -
0.459 
0.426 -
0.444 
0.420 
Outside temperature*Outside Relative Humidity             
Outside temperature*CO2 -
0.932 
0.109 -
0.958 
0.093 
Outside temperature*Sound 1.189 0.067 1.204 0.063 
Outside temperature*Light             
Outside temperature*VOC -
0.538 
0.348 -
0.534 
0.350 
Outside temperature*Kind of Workspace 2.70 0.271 2.75 0.244 
Outside temperature*Do you sit near (wall type): -1.17 0.504 -1.19 0.475 
Outside Relative Humidity*CO2 -
0.981 
0.025 -
0.988 
0.024 
Outside Relative Humidity*Sound 1.105 0.015 1.122 0.013 
Outside Relative Humidity*Light -
0.271 
0.296 -
0.266 
0.303 
Outside Relative Humidity*VOC -
0.315 
0.474 -
0.301 
0.489 
Outside Relative Humidity*Kind of Workspace 2.343 0.080 2.362 0.074 
Outside Relative Humidity*Do you sit near (wall 
type): 
0.376 0.787 0.387 0.772 
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CO2*Sound             
CO2*Light -
0.309 
0.392 -
0.306 
0.396 
CO2*VOC -
0.373 
0.272 -
0.367 
0.277 
CO2*Kind of Workspace -
0.597 
0.034 -
0.591 
0.034 
CO2*Do you sit near (wall type): -
0.339 
0.734 -
0.350 
0.726 
Sound*Light -
0.304 
0.348 -
0.316 
0.325 
Sound*VOC 0.221 0.416 0.220 0.417 
Sound*Kind of Workspace -
0.616 
0.017 0.617 0.017 
Sound*Do you sit near (wall type):             
Light*VOC 0.586 0.057 0.580 0.058 
Light*Kind of Workspace 2.08 0.061 2.06 0.062 
Light*Do you sit near (wall type): 1.476 0.385 1.485 0.379 
VOC*Kind of Workspace             
VOC*Do you sit near (wall type): -0.79 0.005 -0.81 0.004 
               
S    0.63536
9 
   0.63430
4 
R-sq    76.76%    76.75% 
R-sq(adj)    69.67%    69.78% 
R-sq(pred)    60.38%    60.61% 
 -----Step 15---- -----Step 16---- 
 Coef P Coef P 
Constant 3.294    3.305    
Temperature 0.222 0.532 0.230 0.515 
Relative Humidity -0.601 0.048 -
0.591 
0.051 
Outside temperature 0.881 0.099 0.882 0.098 
Outside Relative Humidity 0.755 0.034 0.755 0.034 
CO2 0.230 0.456 0.214 0.484 
341 | P a g e  
 
Sound -0.494 0.131 -
0.482 
0.139 
Light 0.074 0.884 0.073 0.885 
VOC -0.076 0.848 -
0.097 
0.805 
Kind of Workspace -0.977 0.296 -
0.973 
0.291 
Do you sit near (wall type): 0.163 0.661 0.171 0.632 
Temperature*Temperature -3.367 0.000 -
3.394 
0.000 
Relative Humidity*Relative Humidity 0.461 0.039 0.463 0.038 
Outside temperature*Outside temperature -0.791 0.009 -
0.795 
0.008 
Outside Relative Humidity*Outside Relative 
Humidity 
0.464 0.041 0.466 0.040 
CO2*CO2 0.162 0.507 0.174 0.473 
Sound*Sound 0.118 0.661       
Light*Light 0.192 0.410 0.194 0.403 
VOC*VOC -0.523 0.087 -
0.488 
0.098 
Temperature*Relative Humidity             
Temperature*Outside temperature             
Temperature*Outside Relative Humidity             
Temperature*CO2 -0.691 0.016 -
0.704 
0.013 
Temperature*Sound -0.207 0.626 -
0.099 
0.774 
Temperature*Light             
Temperature*VOC             
Temperature*Kind of Workspace 1.226 0.175 1.260 0.179 
Temperature*Do you sit near (wall type):             
Relative Humidity*Outside temperature 0.698 0.062 0.680 0.067 
Relative Humidity*Outside Relative Humidity             
Relative Humidity*CO2 0.235 0.440 0.246 0.416 
Relative Humidity*Sound -0.278 0.242 -
0.279 
0.240 
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Relative Humidity*Light 0.162 0.519 0.162 0.517 
Relative Humidity*VOC 0.420 0.178 0.427 0.170 
Relative Humidity*Kind of Workspace             
Relative Humidity*Do you sit near (wall type): -0.480 0.360 -
0.483 
0.365 
Outside temperature*Outside Relative Humidity             
Outside temperature*CO2 -0.966 0.085 -
0.936 
0.092 
Outside temperature*Sound 1.220 0.057 1.135 0.063 
Outside temperature*Light             
Outside temperature*VOC -0.534 0.347 -
0.536 
0.344 
Outside temperature*Kind of Workspace 2.54 0.291 2.48 0.293 
Outside temperature*Do you sit near (wall type): -1.003 0.204 -
1.024 
0.190 
Outside Relative Humidity*CO2 -0.992 0.020 -
0.965 
0.022 
Outside Relative Humidity*Sound 1.171 0.008 1.130 0.009 
Outside Relative Humidity*Light -0.328 0.190 -
0.332 
0.184 
Outside Relative Humidity*VOC -0.278 0.518 -
0.261 
0.542 
Outside Relative Humidity*Kind of Workspace 2.252 0.073 2.219 0.076 
Outside Relative Humidity*Do you sit near (wall 
type): 
            
CO2*Sound             
CO2*Light -0.343 0.337 -
0.346 
0.333 
CO2*VOC -0.336 0.316 -
0.320 
0.336 
CO2*Kind of Workspace 0.621
3 
0.031 -
0.613 
0.031 
CO2*Do you sit near (wall type): -0.339 0.658 -
0.351 
0.659 
Sound*Light -0.310 0.330 -
0.303 
0.339 
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Sound*VOC 0.215 0.425 0.188 0.474 
Sound*Kind of Workspace -0.635 0.022 -
0.603 
0.018 
Sound*Do you sit near (wall type):             
Light*VOC 0.575 0.059 0.572 0.060 
Light*Kind of Workspace 2.01 0.061 2.00 0.063 
Light*Do you sit near (wall type): 1.449 0.138 1.442 0.141 
VOC*Kind of Workspace             
VOC*Do you sit near (wall type): -0.785 0.004 -
0.785 
0.003 
               
S    0.63219
4 
   0.63129
5 
R-sq    76.66%    76.64% 
R-sq(adj)    69.98%    70.06% 
R-sq(pred)    62.40%    62.69% 
 -----Step 17---- -----Step 18----- 
 Coef P Coef P 
Constant 3.307    3.332    
Temperature 0.219 0.533 0.197 0.571 
Relative Humidity -
0.602 
0.045 -0.680 0.013 
Outside temperature 0.903 0.087 0.981 0.057 
Outside Relative Humidity 0.764 0.031 0.761 0.030 
CO2 0.221 0.468 0.266 0.335 
Sound -
0.484 
0.136 -0.495 0.123 
Light 0.063 0.901 0.004 0.993 
VOC -
0.079 
0.839 -0.000 1.000 
Kind of Workspace -
0.978 
0.296 -1.005 0.206 
Do you sit near (wall type): 0.171 0.624 -
0.2614 
0.189 
Temperature*Temperature - 0.000 -3.467 0.000 
344 | P a g e  
 
3.451 
Relative Humidity*Relative Humidity 0.461 0.038 0.444 0.041 
Outside temperature*Outside temperature -
0.790 
0.008 -0.787 0.008 
Outside Relative Humidity*Outside Relative 
Humidity 
0.464 0.040 0.432 0.052 
CO2*CO2 0.175 0.471 0.190 0.430 
Sound*Sound             
Light*Light 0.191 0.408 0.184 0.423 
VOC*VOC -
0.485 
0.099 -0.439 0.130 
Temperature*Relative Humidity             
Temperature*Outside temperature             
Temperature*Outside Relative Humidity             
Temperature*CO2 -
0.709 
0.013 -0.640 0.018 
Temperature*Sound             
Temperature*Light             
Temperature*VOC             
Temperature*Kind of Workspace 1.243 0.181 1.183 0.220 
Temperature*Do you sit near (wall type):             
Relative Humidity*Outside temperature 0.673 0.069 0.659 0.073 
Relative Humidity*Outside Relative Humidity             
Relative Humidity*CO2 0.245 0.417 0.206 0.471 
Relative Humidity*Sound -
0.272 
0.249 -0.274 0.242 
Relative Humidity*Light 0.162 0.517 0.164 0.510 
Relative Humidity*VOC 0.438 0.156 0.453 0.139 
Relative Humidity*Kind of Workspace             
Relative Humidity*Do you sit near (wall type): -
0.489 
0.327 -0.636 0.170 
Outside temperature*Outside Relative Humidity             
Outside temperature*CO2 -
0.922 
0.095 -0.902 0.101 
Outside temperature*Sound 1.109 0.066 1.110 0.063 
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Outside temperature*Light             
Outside temperature*VOC -
0.549 
0.330 -0.593 0.288 
Outside temperature*Kind of Workspace 2.51 0.274 2.56 0.278 
Outside temperature*Do you sit near (wall type): -
1.011 
0.195 -0.873 0.266 
Outside Relative Humidity*CO2 -
0.953 
0.023 -0.953 0.021 
Outside Relative Humidity*Sound 1.098 0.009 1.080 0.009 
Outside Relative Humidity*Light -
0.330 
0.186 -0.348 0.160 
Outside Relative Humidity*VOC -
0.274 
0.518 -0.348 0.405 
Outside Relative Humidity*Kind of Workspace 2.218 0.077 2.191 0.078 
Outside Relative Humidity*Do you sit near (wall 
type): 
            
CO2*Sound             
CO2*Light -
0.352 
0.323 -0.365 0.276 
CO2*VOC -
0.306 
0.352 -0.289 0.373 
CO2*Kind of Workspace 0.613
5 
0.032 -0.557 0.043 
CO2*Do you sit near (wall type): -
0.332 
0.669       
Sound*Light -
0.306 
0.333 -0.323 0.303 
Sound*VOC 0.185 0.479 0.220 0.395 
Sound*Kind of Workspace -
0.594 
0.018 -0.619 0.009 
Sound*Do you sit near (wall type):             
Light*VOC 0.573 0.059 0.614 0.040 
Light*Kind of Workspace 1.96 0.063 1.95 0.058 
Light*Do you sit near (wall type): 1.424 0.145 1.292 0.178 
VOC*Kind of Workspace             
VOC*Do you sit near (wall type): - 0.003 0.6064 0.003 
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0.751 
               
S    0.63027
8 
   0.62869
9 
R-sq    76.63%    76.51% 
R-sq(adj)    70.16%    70.31% 
R-sq(pred)    62.96%    63.48% 
 -----Step 19----- 
 Coef P 
Constant 3.331    
Temperature 0.203 0.557 
Relative Humidity -0.684 0.012 
Outside temperature 0.965 0.060 
Outside Relative Humidity 0.752 0.032 
CO2 0.265 0.336 
Sound -0.504 0.115 
Light -0.010 0.984 
VOC -0.023 0.949 
Kind of Workspace -1.029 0.200 
Do you sit near (wall type): -0.2629 0.185 
Temperature*Temperature -3.473 0.000 
Relative Humidity*Relative Humidity 0.422 0.049 
Outside temperature*Outside temperature -0.797 0.007 
Outside Relative Humidity*Outside Relative Humidity 0.456 0.038 
CO2*CO2 0.193 0.422 
Sound*Sound       
Light*Light 0.172 0.452 
VOC*VOC -0.435 0.133 
Temperature*Relative Humidity       
Temperature*Outside temperature       
Temperature*Outside Relative Humidity       
Temperature*CO2 -0.639 0.018 
Temperature*Sound       
Temperature*Light       
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Temperature*VOC       
Temperature*Kind of Workspace 1.220 0.195 
Temperature*Do you sit near (wall type):       
Relative Humidity*Outside temperature 0.702 0.052 
Relative Humidity*Outside Relative Humidity       
Relative Humidity*CO2 0.188 0.509 
Relative Humidity*Sound -0.276 0.239 
Relative Humidity*Light       
Relative Humidity*VOC 0.406 0.172 
Relative Humidity*Kind of Workspace       
Relative Humidity*Do you sit near (wall type): -0.584 0.191 
Outside temperature*Outside Relative Humidity       
Outside temperature*CO2 -0.855 0.116 
Outside temperature*Sound 1.124 0.060 
Outside temperature*Light       
Outside temperature*VOC -0.563 0.311 
Outside temperature*Kind of Workspace 2.65 0.276 
Outside temperature*Do you sit near (wall type): -0.880 0.268 
Outside Relative Humidity*CO2 -0.920 0.025 
Outside Relative Humidity*Sound 1.088 0.008 
Outside Relative Humidity*Light -0.337 0.173 
Outside Relative Humidity*VOC -0.320 0.441 
Outside Relative Humidity*Kind of Workspace 2.213 0.075 
Outside Relative Humidity*Do you sit near (wall type):       
CO2*Sound       
CO2*Light -0.417 0.201 
CO2*VOC -0.322 0.314 
CO2*Kind of Workspace -0.574 0.035 
CO2*Do you sit near (wall type):       
Sound*Light -0.334 0.287 
Sound*VOC 0.241 0.347 
Sound*Kind of Workspace -0.622 0.008 
Sound*Do you sit near (wall type):       
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Light*VOC 0.606 0.043 
Light*Kind of Workspace 1.93 0.059 
Light*Do you sit near (wall type): 1.334 0.163 
VOC*Kind of Workspace       
VOC*Do you sit near (wall type): 0.6054 0.004 
         
S    0.628085 
R-sq    76.47% 
R-sq(adj)    70.37% 
R-sq(pred)    63.75% 
 -----Step 20----- 
 Coef P 
Constant 3.321    
Temperature 0.222 0.519 
Relative Humidity -0.741 0.004 
Outside temperature 0.949 0.064 
Outside Relative Humidity 0.754 0.031 
CO2 0.228 0.398 
Sound -0.511 0.110 
Light 0.026 0.958 
VOC -0.044 0.902 
Kind of Workspace -1.045 0.171 
Do you sit near (wall type): -0.2647 0.188 
Temperature*Temperature -3.472 0.000 
Relative Humidity*Relative Humidity 0.399 0.059 
Outside temperature*Outside temperature -0.788 0.008 
Outside Relative Humidity*Outside Relative Humidity 0.475 0.029 
CO2*CO2 0.163 0.489 
Sound*Sound       
Light*Light 0.195 0.389 
VOC*VOC -0.476 0.092 
Temperature*Relative Humidity       
Temperature*Outside temperature       
349 | P a g e  
 
Temperature*Outside Relative Humidity       
Temperature*CO2 -0.636 0.018 
Temperature*Sound       
Temperature*Light       
Temperature*VOC       
Temperature*Kind of Workspace 1.201 0.155 
Temperature*Do you sit near (wall type):       
Relative Humidity*Outside temperature 0.736 0.040 
Relative Humidity*Outside Relative Humidity       
Relative Humidity*CO2       
Relative Humidity*Sound -0.225 0.309 
Relative Humidity*Light       
Relative Humidity*VOC 0.369 0.206 
Relative Humidity*Kind of Workspace       
Relative Humidity*Do you sit near (wall type): -0.529 0.218 
Outside temperature*Outside Relative Humidity       
Outside temperature*CO2 -0.804 0.135 
Outside temperature*Sound 1.092 0.066 
Outside temperature*Light       
Outside temperature*VOC -0.542 0.327 
Outside temperature*Kind of Workspace 2.67 0.280 
Outside temperature*Do you sit near (wall type): -0.878 0.268 
Outside Relative Humidity*CO2 -0.884 0.030 
Outside Relative Humidity*Sound 1.079 0.008 
Outside Relative Humidity*Light -0.336 0.175 
Outside Relative Humidity*VOC -0.297 0.472 
Outside Relative Humidity*Kind of Workspace 2.232 0.059 
Outside Relative Humidity*Do you sit near (wall type):       
CO2*Sound       
CO2*Light -0.440 0.173 
CO2*VOC -0.354 0.263 
CO2*Kind of Workspace -0.571 0.039 
CO2*Do you sit near (wall type):       
350 | P a g e  
 
Sound*Light -0.307 0.322 
Sound*VOC 0.236 0.357 
Sound*Kind of Workspace 0.607 0.007 
Sound*Do you sit near (wall type):       
Light*VOC 0.574 0.051 
Light*Kind of Workspace 1.92 0.060 
Light*Do you sit near (wall type): 1.391 0.130 
VOC*Kind of Workspace       
VOC*Do you sit near (wall type): 0.6470 0.003 
         
S    0.627476 
R-sq    76.44% 
R-sq(adj)    70.42% 
R-sq(pred)    64.01% 
 -----Step 21----- 
 Coef P 
Constant 3.363    
Temperature 0.223 0.517 
Relative Humidity -0.737 0.004 
Outside temperature 0.946 0.065 
Outside Relative Humidity 0.752 0.031 
CO2 0.196 0.461 
Sound -0.493 0.121 
Light 0.051 0.916 
VOC -0.056 0.876 
Kind of Workspace -0.984 0.187 
Do you sit near (wall type): -0.2728 0.179 
Temperature*Temperature -3.476 0.000 
Relative Humidity*Relative Humidity 0.395 0.061 
Outside temperature*Outside temperature -0.786 0.008 
Outside Relative Humidity*Outside Relative Humidity 0.466 0.032 
CO2*CO2       
Sound*Sound       
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Light*Light 0.203 0.367 
VOC*VOC -0.442 0.112 
Temperature*Relative Humidity       
Temperature*Outside temperature       
Temperature*Outside Relative Humidity       
Temperature*CO2 -0.585 0.024 
Temperature*Sound       
Temperature*Light       
Temperature*VOC       
Temperature*Kind of Workspace 1.217 0.180 
Temperature*Do you sit near (wall type):       
Relative Humidity*Outside temperature 0.732 0.040 
Relative Humidity*Outside Relative Humidity       
Relative Humidity*CO2       
Relative Humidity*Sound -0.227 0.302 
Relative Humidity*Light       
Relative Humidity*VOC 0.369 0.206 
Relative Humidity*Kind of Workspace       
Relative Humidity*Do you sit near (wall type): -0.551 0.208 
Outside temperature*Outside Relative Humidity       
Outside temperature*CO2 -0.802 0.136 
Outside temperature*Sound 1.102 0.063 
Outside temperature*Light       
Outside temperature*VOC -0.528 0.339 
Outside temperature*Kind of Workspace 2.59 0.300 
Outside temperature*Do you sit near (wall type): -0.849 0.294 
Outside Relative Humidity*CO2 -0.885 0.029 
Outside Relative Humidity*Sound 1.088 0.008 
Outside Relative Humidity*Light -0.317 0.196 
Outside Relative Humidity*VOC -0.300 0.468 
Outside Relative Humidity*Kind of Workspace 2.163 0.067 
Outside Relative Humidity*Do you sit near (wall type):       
CO2*Sound       
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CO2*Light -0.379 0.222 
CO2*VOC -0.404 0.189 
CO2*Kind of Workspace -0.536 0.036 
CO2*Do you sit near (wall type):       
Sound*Light -0.304 0.327 
Sound*VOC 0.219 0.389 
Sound*Kind of Workspace -0.631 0.007 
Sound*Do you sit near (wall type):       
Light*VOC 0.579 0.049 
Light*Kind of Workspace -1.894 0.061 
Light*Do you sit near (wall type): 1.372 0.137 
VOC*Kind of Workspace       
VOC*Do you sit near (wall type): 0.6181 0.004 
         
S    0.626914 
R-sq    76.40% 
R-sq(adj)    70.48% 
R-sq(pred)    64.08% 
 -----Step 22----- 
 Coef P 
Constant 3.380    
Temperature 0.215 0.532 
Relative Humidity -0.711 0.005 
Outside temperature 0.838 0.087 
Outside Relative Humidity 0.664 0.042 
CO2 0.176 0.505 
Sound -0.520 0.100 
Light 0.071 0.883 
VOC -0.120 0.730 
Kind of Workspace -0.982 0.204 
Do you sit near (wall type): -0.2707 0.187 
Temperature*Temperature -3.461 0.000 
Relative Humidity*Relative Humidity 0.389 0.065 
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Outside temperature*Outside temperature -0.767 0.009 
Outside Relative Humidity*Outside Relative Humidity 0.463 0.033 
CO2*CO2       
Sound*Sound       
Light*Light 0.198 0.380 
VOC*VOC -0.439 0.114 
Temperature*Relative Humidity       
Temperature*Outside temperature       
Temperature*Outside Relative Humidity       
Temperature*CO2 -0.606 0.018 
Temperature*Sound       
Temperature*Light       
Temperature*VOC       
Temperature*Kind of Workspace 1.154 0.200 
Temperature*Do you sit near (wall type):       
Relative Humidity*Outside temperature 0.713 0.045 
Relative Humidity*Outside Relative Humidity       
Relative Humidity*CO2       
Relative Humidity*Sound -0.253 0.246 
Relative Humidity*Light       
Relative Humidity*VOC 0.322 0.257 
Relative Humidity*Kind of Workspace       
Relative Humidity*Do you sit near (wall type): -0.552 0.218 
Outside temperature*Outside Relative Humidity       
Outside temperature*CO2 -0.766 0.152 
Outside temperature*Sound 1.201 0.038 
Outside temperature*Light       
Outside temperature*VOC -0.228 0.534 
Outside temperature*Kind of Workspace 2.62 0.288 
Outside temperature*Do you sit near (wall type): -0.875 0.264 
Outside Relative Humidity*CO2 -0.865 0.033 
Outside Relative Humidity*Sound 1.155 0.004 
Outside Relative Humidity*Light -0.294 0.227 
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Outside Relative Humidity*VOC       
Outside Relative Humidity*Kind of Workspace 2.148 0.069 
Outside Relative Humidity*Do you sit near (wall type):       
CO2*Sound       
CO2*Light -0.385 0.214 
CO2*VOC -0.389 0.204 
CO2*Kind of Workspace -0.570 0.027 
CO2*Do you sit near (wall type):       
Sound*Light -0.316 0.307 
Sound*VOC 0.235 0.355 
Sound*Kind of Workspace -0.623 0.008 
Sound*Do you sit near (wall type):       
Light*VOC 0.568 0.053 
Light*Kind of Workspace -1.805 0.065 
Light*Do you sit near (wall type): 1.437 0.107 
VOC*Kind of Workspace       
VOC*Do you sit near (wall type): 0.6702 0.004 
         
S    0.626408 
R-sq    76.35% 
R-sq(adj)    70.52% 
R-sq(pred)    64.06% 
 -----Step 23----- 
 Coef P 
Constant 3.402    
Temperature 0.202 0.557 
Relative Humidity -0.718 0.005 
Outside temperature 0.781 0.104 
Outside Relative Humidity 0.657 0.044 
CO2 0.159 0.543 
Sound -0.514 0.103 
Light 0.084 0.863 
VOC -0.213 0.499 
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Kind of Workspace -0.987 0.204 
Do you sit near (wall type): -0.2541 0.218 
Temperature*Temperature -3.459 0.000 
Relative Humidity*Relative Humidity 0.401 0.056 
Outside temperature*Outside temperature -0.762 0.010 
Outside Relative Humidity*Outside Relative Humidity 0.467 0.031 
CO2*CO2       
Sound*Sound       
Light*Light 0.211 0.345 
VOC*VOC -0.457 0.098 
Temperature*Relative Humidity       
Temperature*Outside temperature       
Temperature*Outside Relative Humidity       
Temperature*CO2 -0.608 0.018 
Temperature*Sound       
Temperature*Light       
Temperature*VOC       
Temperature*Kind of Workspace 1.151 0.219 
Temperature*Do you sit near (wall type):       
Relative Humidity*Outside temperature 0.743 0.035 
Relative Humidity*Outside Relative Humidity       
Relative Humidity*CO2       
Relative Humidity*Sound -0.245 0.259 
Relative Humidity*Light       
Relative Humidity*VOC 0.311 0.273 
Relative Humidity*Kind of Workspace       
Relative Humidity*Do you sit near (wall type): -0.543 0.222 
Outside temperature*Outside Relative Humidity       
Outside temperature*CO2 -0.673 0.189 
Outside temperature*Sound 1.190 0.039 
Outside temperature*Light       
Outside temperature*VOC       
Outside temperature*Kind of Workspace 2.64 0.271 
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Outside temperature*Do you sit near (wall type): -0.869 0.248 
Outside Relative Humidity*CO2 -0.856 0.034 
Outside Relative Humidity*Sound 1.173 0.003 
Outside Relative Humidity*Light -0.297 0.221 
Outside Relative Humidity*VOC       
Outside Relative Humidity*Kind of Workspace 2.145 0.074 
Outside Relative Humidity*Do you sit near (wall type):       
CO2*Sound       
CO2*Light -0.381 0.219 
CO2*VOC -0.428 0.153 
CO2*Kind of Workspace -0.591 0.016 
CO2*Do you sit near (wall type):       
Sound*Light -0.334 0.277 
Sound*VOC 0.254 0.314 
Sound*Kind of Workspace -0.609 0.006 
Sound*Do you sit near (wall type):       
Light*VOC 0.559 0.056 
Light*Kind of Workspace -1.826 0.072 
Light*Do you sit near (wall type): 1.456 0.100 
VOC*Kind of Workspace       
VOC*Do you sit near (wall type): 0.6705 0.004 
         
S    0.625753 
R-sq    76.32% 
R-sq(adj)    70.58% 
R-sq(pred)    64.20% 
 -----Step 24----- 
 Coef P 
Constant 3.425    
Temperature 0.231 0.500 
Relative Humidity -0.726 0.004 
Outside temperature 0.759 0.114 
Outside Relative Humidity 0.629 0.053 
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CO2 0.158 0.546 
Sound -0.546 0.081 
Light 0.052 0.915 
VOC -0.224 0.478 
Kind of Workspace -1.054 0.146 
Do you sit near (wall type): -0.2599 0.162 
Temperature*Temperature -3.474 0.000 
Relative Humidity*Relative Humidity 0.397 0.058 
Outside temperature*Outside temperature -0.791 0.007 
Outside Relative Humidity*Outside Relative Humidity 0.473 0.029 
CO2*CO2       
Sound*Sound       
Light*Light       
VOC*VOC -0.439 0.111 
Temperature*Relative Humidity       
Temperature*Outside temperature       
Temperature*Outside Relative Humidity       
Temperature*CO2 -0.616 0.016 
Temperature*Sound       
Temperature*Light       
Temperature*VOC       
Temperature*Kind of Workspace 1.271 0.212 
Temperature*Do you sit near (wall type):       
Relative Humidity*Outside temperature 0.731 0.038 
Relative Humidity*Outside Relative Humidity       
Relative Humidity*CO2       
Relative Humidity*Sound -0.238 0.272 
Relative Humidity*Light       
Relative Humidity*VOC 0.332 0.240 
Relative Humidity*Kind of Workspace       
Relative Humidity*Do you sit near (wall type): -0.567 0.200 
Outside temperature*Outside Relative Humidity       
Outside temperature*CO2 -0.630 0.217 
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Outside temperature*Sound 1.201 0.037 
Outside temperature*Light       
Outside temperature*VOC       
Outside temperature*Kind of Workspace 2.69 0.244 
Outside temperature*Do you sit near (wall type): -0.894 0.216 
Outside Relative Humidity*CO2 -0.854 0.034 
Outside Relative Humidity*Sound 1.183 0.003 
Outside Relative Humidity*Light -0.291 0.230 
Outside Relative Humidity*VOC       
Outside Relative Humidity*Kind of Workspace 2.120 0.083 
Outside Relative Humidity*Do you sit near (wall type):       
CO2*Sound       
CO2*Light -0.384 0.215 
CO2*VOC -0.440 0.142 
CO2*Kind of Workspace -0.629 0.009 
CO2*Do you sit near (wall type):       
Sound*Light -0.306 0.317 
Sound*VOC 0.259 0.303 
Sound*Kind of Workspace -0.640 0.003 
Sound*Do you sit near (wall type):       
Light*VOC 0.643 0.021 
Light*Kind of Workspace 1.99 0.019 
Light*Do you sit near (wall type): 1.539 0.074 
VOC*Kind of Workspace       
VOC*Do you sit near (wall type): 0.6665 0.004 
         
S    0.625642 
R-sq    76.25% 
R-sq(adj)    70.60% 
R-sq(pred)    64.17% 
 -----Step 25----- 
 Coef P 
Constant 3.435    
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Temperature 0.164 0.624 
Relative Humidity -0.714 0.005 
Outside temperature 0.778 0.105 
Outside Relative Humidity 0.597 0.065 
CO2 0.161 0.539 
Sound -0.549 0.080 
Light 0.138 0.772 
VOC -0.235 0.456 
Kind of Workspace -1.094 0.141 
Do you sit near (wall type): -0.2696 0.144 
Temperature*Temperature -3.482 0.000 
Relative Humidity*Relative Humidity 0.373 0.074 
Outside temperature*Outside temperature -0.800 0.006 
Outside Relative Humidity*Outside Relative Humidity 0.466 0.031 
CO2*CO2       
Sound*Sound       
Light*Light       
VOC*VOC -0.461 0.093 
Temperature*Relative Humidity       
Temperature*Outside temperature       
Temperature*Outside Relative Humidity       
Temperature*CO2 -0.651 0.010 
Temperature*Sound       
Temperature*Light       
Temperature*VOC       
Temperature*Kind of Workspace 1.141 0.241 
Temperature*Do you sit near (wall type):       
Relative Humidity*Outside temperature 0.696 0.047 
Relative Humidity*Outside Relative Humidity       
Relative Humidity*CO2       
Relative Humidity*Sound -0.214 0.321 
Relative Humidity*Light       
Relative Humidity*VOC 0.300 0.285 
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Relative Humidity*Kind of Workspace       
Relative Humidity*Do you sit near (wall type): -0.601 0.205 
Outside temperature*Outside Relative Humidity       
Outside temperature*CO2 -0.584 0.250 
Outside temperature*Sound 1.186 0.040 
Outside temperature*Light       
Outside temperature*VOC       
Outside temperature*Kind of Workspace 2.69 0.243 
Outside temperature*Do you sit near (wall type): -0.868 0.241 
Outside Relative Humidity*CO2 -0.869 0.031 
Outside Relative Humidity*Sound 1.194 0.003 
Outside Relative Humidity*Light -0.271 0.263 
Outside Relative Humidity*VOC       
Outside Relative Humidity*Kind of Workspace 2.099 0.081 
Outside Relative Humidity*Do you sit near (wall type):       
CO2*Sound       
CO2*Light -0.455 0.131 
CO2*VOC -0.494 0.094 
CO2*Kind of Workspace -0.672 0.008 
CO2*Do you sit near (wall type):       
Sound*Light       
Sound*VOC 0.272 0.280 
Sound*Kind of Workspace -0.626 0.003 
Sound*Do you sit near (wall type):       
Light*VOC 0.637 0.022 
Light*Kind of Workspace 2.13 0.007 
Light*Do you sit near (wall type): 1.575 0.064 
VOC*Kind of Workspace       
VOC*Do you sit near (wall type): 0.6584 0.005 
         
S    0.625647 
R-sq    76.17% 
R-sq(adj)    70.59% 
361 | P a g e  
 
R-sq(pred)    64.20% 
 -----Step 26----- 
 Coef P 
Constant 3.415    
Temperature 0.202 0.545 
Relative Humidity -0.747 0.003 
Outside temperature 0.823 0.084 
Outside Relative Humidity 0.607 0.060 
CO2 0.149 0.569 
Sound -0.568 0.070 
Light 0.093 0.844 
VOC -0.222 0.482 
Kind of Workspace -1.177 0.109 
Do you sit near (wall type): -0.2608 0.159 
Temperature*Temperature -3.483 0.000 
Relative Humidity*Relative Humidity 0.387 0.063 
Outside temperature*Outside temperature -0.817 0.005 
Outside Relative Humidity*Outside Relative Humidity 0.469 0.030 
CO2*CO2       
Sound*Sound       
Light*Light       
VOC*VOC -0.453 0.099 
Temperature*Relative Humidity       
Temperature*Outside temperature       
Temperature*Outside Relative Humidity       
Temperature*CO2 -0.621 0.014 
Temperature*Sound       
Temperature*Light       
Temperature*VOC       
Temperature*Kind of Workspace 1.210 0.232 
Temperature*Do you sit near (wall type):       
Relative Humidity*Outside temperature 0.742 0.033 
Relative Humidity*Outside Relative Humidity       
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Relative Humidity*CO2       
Relative Humidity*Sound       
Relative Humidity*Light       
Relative Humidity*VOC 0.371 0.172 
Relative Humidity*Kind of Workspace       
Relative Humidity*Do you sit near (wall type): -0.643 0.154 
Outside temperature*Outside Relative Humidity       
Outside temperature*CO2 -0.578 0.255 
Outside temperature*Sound 1.199 0.037 
Outside temperature*Light       
Outside temperature*VOC       
Outside temperature*Kind of Workspace 2.84 0.196 
Outside temperature*Do you sit near (wall type): -0.869 0.224 
Outside Relative Humidity*CO2 -0.848 0.035 
Outside Relative Humidity*Sound 1.176 0.003 
Outside Relative Humidity*Light -0.266 0.272 
Outside Relative Humidity*VOC       
Outside Relative Humidity*Kind of Workspace 2.121 0.084 
Outside Relative Humidity*Do you sit near (wall type):       
CO2*Sound       
CO2*Light -0.460 0.127 
CO2*VOC -0.463 0.114 
CO2*Kind of Workspace -0.640 0.009 
CO2*Do you sit near (wall type):       
Sound*Light       
Sound*VOC 0.286 0.254 
Sound*Kind of Workspace -0.631 0.004 
Sound*Do you sit near (wall type):       
Light*VOC 0.665 0.017 
Light*Kind of Workspace 2.11 0.007 
Light*Do you sit near (wall type): 1.527 0.076 
VOC*Kind of Workspace       
VOC*Do you sit near (wall type): 0.6529 0.003 
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S    0.625635 
R-sq    76.09% 
R-sq(adj)    70.60% 
R-sq(pred)    64.61% 
 -----Step 27----- 
 Coef P 
Constant 3.389    
Temperature 0.214 0.520 
Relative Humidity -0.770 0.002 
Outside temperature 0.848 0.075 
Outside Relative Humidity 0.595 0.065 
CO2 0.099 0.701 
Sound -0.579 0.065 
Light 0.178 0.704 
VOC -0.214 0.497 
Kind of Workspace -1.221 0.101 
Do you sit near (wall type): -0.2692 0.143 
Temperature*Temperature -3.467 0.000 
Relative Humidity*Relative Humidity 0.398 0.055 
Outside temperature*Outside temperature -0.787 0.007 
Outside Relative Humidity*Outside Relative Humidity 0.473 0.029 
CO2*CO2       
Sound*Sound       
Light*Light       
VOC*VOC -0.439 0.109 
Temperature*Relative Humidity       
Temperature*Outside temperature       
Temperature*Outside Relative Humidity       
Temperature*CO2 -0.611 0.015 
Temperature*Sound       
Temperature*Light       
Temperature*VOC       
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Temperature*Kind of Workspace 1.209 0.228 
Temperature*Do you sit near (wall type):       
Relative Humidity*Outside temperature 0.741 0.033 
Relative Humidity*Outside Relative Humidity       
Relative Humidity*CO2       
Relative Humidity*Sound       
Relative Humidity*Light       
Relative Humidity*VOC 0.377 0.165 
Relative Humidity*Kind of Workspace       
Relative Humidity*Do you sit near (wall type): -0.744 0.089 
Outside temperature*Outside Relative Humidity       
Outside temperature*CO2 -0.596 0.240 
Outside temperature*Sound 1.227 0.033 
Outside temperature*Light       
Outside temperature*VOC       
Outside temperature*Kind of Workspace 2.86 0.202 
Outside temperature*Do you sit near (wall type): -0.764 0.316 
Outside Relative Humidity*CO2 -0.915 0.022 
Outside Relative Humidity*Sound 1.185 0.003 
Outside Relative Humidity*Light       
Outside Relative Humidity*VOC       
Outside Relative Humidity*Kind of Workspace 2.053 0.105 
Outside Relative Humidity*Do you sit near (wall type):       
CO2*Sound       
CO2*Light -0.373 0.200 
CO2*VOC -0.464 0.113 
CO2*Kind of Workspace -0.642 0.011 
CO2*Do you sit near (wall type):       
Sound*Light       
Sound*VOC 0.280 0.265 
Sound*Kind of Workspace -0.632 0.004 
Sound*Do you sit near (wall type):       
Light*VOC 0.667 0.016 
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Light*Kind of Workspace 2.16 0.007 
Light*Do you sit near (wall type): 1.393 0.112 
VOC*Kind of Workspace       
VOC*Do you sit near (wall type): 0.6136 0.004 
         
S    0.625859 
R-sq    75.99% 
R-sq(adj)    70.57% 
R-sq(pred)    64.63% 
 -----Step 28----- 
 Coef P 
Constant 3.363    
Temperature 0.230 0.491 
Relative Humidity -0.764 0.002 
Outside temperature 1.099 0.015 
Outside Relative Humidity 0.678 0.034 
CO2 0.116 0.651 
Sound -0.534 0.087 
Light -0.032 0.943 
VOC -0.077 0.800 
Kind of Workspace -1.171 0.084 
Do you sit near (wall type): -0.2782 0.013 
Temperature*Temperature -3.491 0.000 
Relative Humidity*Relative Humidity 0.396 0.057 
Outside temperature*Outside temperature -0.767 0.008 
Outside Relative Humidity*Outside Relative Humidity 0.514 0.017 
CO2*CO2       
Sound*Sound       
Light*Light       
VOC*VOC -0.412 0.132 
Temperature*Relative Humidity       
Temperature*Outside temperature       
Temperature*Outside Relative Humidity       
366 | P a g e  
 
Temperature*CO2 -0.643 0.011 
Temperature*Sound       
Temperature*Light       
Temperature*VOC       
Temperature*Kind of Workspace 1.288 0.179 
Temperature*Do you sit near (wall type):       
Relative Humidity*Outside temperature 0.726 0.034 
Relative Humidity*Outside Relative Humidity       
Relative Humidity*CO2       
Relative Humidity*Sound       
Relative Humidity*Light       
Relative Humidity*VOC 0.346 0.198 
Relative Humidity*Kind of Workspace       
Relative Humidity*Do you sit near (wall type): -0.775 0.068 
Outside temperature*Outside Relative Humidity       
Outside temperature*CO2 -0.533 0.288 
Outside temperature*Sound 1.122 0.049 
Outside temperature*Light       
Outside temperature*VOC       
Outside temperature*Kind of Workspace 2.75 0.238 
Outside temperature*Do you sit near (wall type):       
Outside Relative Humidity*CO2 -0.758 0.052 
Outside Relative Humidity*Sound 1.103 0.004 
Outside Relative Humidity*Light       
Outside Relative Humidity*VOC       
Outside Relative Humidity*Kind of Workspace 1.895 0.171 
Outside Relative Humidity*Do you sit near (wall type):       
CO2*Sound       
CO2*Light -0.359 0.216 
CO2*VOC -0.475 0.104 
CO2*Kind of Workspace -0.673 0.006 
CO2*Do you sit near (wall type):       
Sound*Light       
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Sound*VOC 0.334 0.177 
Sound*Kind of Workspace -0.659 0.006 
Sound*Do you sit near (wall type):       
Light*VOC 0.606 0.026 
Light*Kind of Workspace 2.11 0.006 
Light*Do you sit near (wall type): 0.832 0.352 
VOC*Kind of Workspace       
VOC*Do you sit near (wall type): -0.522 0.006 
         
S    0.626437 
R-sq    75.70% 
R-sq(adj)    70.52% 
R-sq(pred)    64.94% 
 -----Step 29----- 
 Coef P 
Constant 3.397    
Temperature 0.245 0.457 
Relative Humidity -0.842 0.001 
Outside temperature 1.169 0.009 
Outside Relative Humidity 0.731 0.022 
CO2 0.156 0.537 
Sound -0.485 0.118 
Light -0.312 0.457 
VOC 0.169 0.522 
Kind of Workspace -1.141 0.090 
Do you sit near (wall type): -0.3156 0.005 
Temperature*Temperature -3.490 0.000 
Relative Humidity*Relative Humidity 0.401 0.053 
Outside temperature*Outside temperature -0.822 0.004 
Outside Relative Humidity*Outside Relative Humidity 0.545 0.011 
CO2*CO2       
Sound*Sound       
Light*Light       
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VOC*VOC -0.391 0.148 
Temperature*Relative Humidity       
Temperature*Outside temperature       
Temperature*Outside Relative Humidity       
Temperature*CO2 -0.658 0.009 
Temperature*Sound       
Temperature*Light       
Temperature*VOC       
Temperature*Kind of Workspace 1.332 0.169 
Temperature*Do you sit near (wall type):       
Relative Humidity*Outside temperature 0.776 0.022 
Relative Humidity*Outside Relative Humidity       
Relative Humidity*CO2       
Relative Humidity*Sound       
Relative Humidity*Light       
Relative Humidity*VOC 0.347 0.197 
Relative Humidity*Kind of Workspace       
Relative Humidity*Do you sit near (wall type): -0.943 0.028 
Outside temperature*Outside Relative Humidity       
Outside temperature*CO2 -0.611 0.218 
Outside temperature*Sound 1.053 0.064 
Outside temperature*Light       
Outside temperature*VOC       
Outside temperature*Kind of Workspace 2.68 0.171 
Outside temperature*Do you sit near (wall type):       
Outside Relative Humidity*CO2 -0.798 0.040 
Outside Relative Humidity*Sound 1.120 0.004 
Outside Relative Humidity*Light       
Outside Relative Humidity*VOC       
Outside Relative Humidity*Kind of Workspace 1.915 0.185 
Outside Relative Humidity*Do you sit near (wall type):       
CO2*Sound       
CO2*Light -0.434 0.129 
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CO2*VOC -0.489 0.084 
CO2*Kind of Workspace -0.667 0.005 
CO2*Do you sit near (wall type):       
Sound*Light       
Sound*VOC 0.338 0.171 
Sound*Kind of Workspace -0.605 0.009 
Sound*Do you sit near (wall type):       
Light*VOC 0.563 0.035 
Light*Kind of Workspace 2.12 0.006 
Light*Do you sit near (wall type):       
VOC*Kind of Workspace       
VOC*Do you sit near (wall type): -0.774 0.001 
         
S    0.626727 
R-sq    75.44% 
R-sq(adj)    70.49% 
R-sq(pred)    65.07% 
 -----Step 30----- 
 Coef P 
Constant 3.402    
Temperature 0.199 0.544 
Relative Humidity -0.882 0.000 
Outside temperature 1.278 0.004 
Outside Relative Humidity 0.779 0.014 
CO2 0.007 0.976 
Sound -0.442 0.152 
Light -0.326 0.437 
VOC 0.198 0.453 
Kind of Workspace -1.062 0.115 
Do you sit near (wall type): -0.3177 0.005 
Temperature*Temperature -3.483 0.000 
Relative Humidity*Relative Humidity 0.415 0.045 
Outside temperature*Outside temperature -0.887 0.002 
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Outside Relative Humidity*Outside Relative Humidity 0.603 0.004 
CO2*CO2       
Sound*Sound       
Light*Light       
VOC*VOC -0.416 0.123 
Temperature*Relative Humidity       
Temperature*Outside temperature       
Temperature*Outside Relative Humidity       
Temperature*CO2 -0.737 0.002 
Temperature*Sound       
Temperature*Light       
Temperature*VOC       
Temperature*Kind of Workspace 1.352 0.158 
Temperature*Do you sit near (wall type):       
Relative Humidity*Outside temperature 0.851 0.011 
Relative Humidity*Outside Relative Humidity       
Relative Humidity*CO2       
Relative Humidity*Sound       
Relative Humidity*Light       
Relative Humidity*VOC 0.358 0.183 
Relative Humidity*Kind of Workspace       
Relative Humidity*Do you sit near (wall type): -0.965 0.026 
Outside temperature*Outside Relative Humidity       
Outside temperature*CO2       
Outside temperature*Sound 0.773 0.137 
Outside temperature*Light       
Outside temperature*VOC       
Outside temperature*Kind of Workspace 2.41 0.196 
Outside temperature*Do you sit near (wall type):       
Outside Relative Humidity*CO2 -0.439 0.087 
Outside Relative Humidity*Sound 0.923 0.009 
Outside Relative Humidity*Light       
Outside Relative Humidity*VOC       
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Outside Relative Humidity*Kind of Workspace 1.631 0.270 
Outside Relative Humidity*Do you sit near (wall type):       
CO2*Sound       
CO2*Light -0.451 0.115 
CO2*VOC -0.515 0.068 
CO2*Kind of Workspace -0.787 0.003 
CO2*Do you sit near (wall type):       
Sound*Light       
Sound*VOC 0.338 0.170 
Sound*Kind of Workspace -0.628 0.006 
Sound*Do you sit near (wall type):       
Light*VOC 0.580 0.030 
Light*Kind of Workspace 2.11 0.006 
Light*Do you sit near (wall type):       
VOC*Kind of Workspace       
VOC*Do you sit near (wall type): 0.803 0.001 
         
S    0.627265 
R-sq    75.31% 
R-sq(adj)    70.44% 
R-sq(pred)    64.89% 
 -----Step 31----- 
 Coef P 
Constant 3.508    
Temperature 0.069 0.815 
Relative Humidity -0.883 0.000 
Outside temperature 0.877 0.013 
Outside Relative Humidity 0.321 0.099 
CO2 -0.025 0.908 
Sound -0.149 0.580 
Light -0.316 0.452 
VOC 0.283 0.274 
Kind of Workspace -0.666 0.333 
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Do you sit near (wall type): -0.3054 0.007 
Temperature*Temperature -3.527 0.000 
Relative Humidity*Relative Humidity 0.424 0.039 
Outside temperature*Outside temperature -0.884 0.002 
Outside Relative Humidity*Outside Relative Humidity 0.563 0.007 
CO2*CO2       
Sound*Sound       
Light*Light       
VOC*VOC -0.383 0.156 
Temperature*Relative Humidity       
Temperature*Outside temperature       
Temperature*Outside Relative Humidity       
Temperature*CO2 -0.707 0.004 
Temperature*Sound       
Temperature*Light       
Temperature*VOC       
Temperature*Kind of Workspace 1.811 0.263 
Temperature*Do you sit near (wall type):       
Relative Humidity*Outside temperature 0.874 0.008 
Relative Humidity*Outside Relative Humidity       
Relative Humidity*CO2       
Relative Humidity*Sound       
Relative Humidity*Light       
Relative Humidity*VOC 0.303 0.255 
Relative Humidity*Kind of Workspace       
Relative Humidity*Do you sit near (wall type): -0.985 0.009 
Outside temperature*Outside Relative Humidity       
Outside temperature*CO2       
Outside temperature*Sound 0.608 0.221 
Outside temperature*Light       
Outside temperature*VOC       
Outside temperature*Kind of Workspace -1.380 0.016 
Outside temperature*Do you sit near (wall type):       
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Outside Relative Humidity*CO2 -0.289 0.243 
Outside Relative Humidity*Sound 0.715 0.022 
Outside Relative Humidity*Light       
Outside Relative Humidity*VOC       
Outside Relative Humidity*Kind of Workspace       
Outside Relative Humidity*Do you sit near (wall type):       
CO2*Sound       
CO2*Light -0.436 0.126 
CO2*VOC -0.374 0.175 
CO2*Kind of Workspace -1.027 0.003 
CO2*Do you sit near (wall type):       
Sound*Light       
Sound*VOC 0.357 0.143 
Sound*Kind of Workspace 1.208 0.004 
Sound*Do you sit near (wall type):       
Light*VOC 0.634 0.017 
Light*Kind of Workspace 2.03 0.004 
Light*Do you sit near (wall type):       
VOC*Kind of Workspace       
VOC*Do you sit near (wall type): 0.814 0.002 
         
S    0.628484 
R-sq    74.89% 
R-sq(adj)    70.33% 
R-sq(pred)    63.93% 
 -----Step 32----- 
 Coef P 
Constant 3.577    
Temperature -0.431 0.001 
Relative Humidity -0.922 0.000 
Outside temperature 1.091 0.001 
Outside Relative Humidity 0.316 0.093 
CO2 0.034 0.874 
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Sound -0.199 0.442 
Light -0.053 0.889 
VOC 0.316 0.222 
Kind of Workspace -0.875 0.539 
Do you sit near (wall type): -0.3296 0.001 
Temperature*Temperature -3.494 0.000 
Relative Humidity*Relative Humidity 0.424 0.038 
Outside temperature*Outside temperature -0.932 0.001 
Outside Relative Humidity*Outside Relative Humidity 0.526 0.011 
CO2*CO2       
Sound*Sound       
Light*Light       
VOC*VOC -0.304 0.254 
Temperature*Relative Humidity       
Temperature*Outside temperature       
Temperature*Outside Relative Humidity       
Temperature*CO2 -0.680 0.003 
Temperature*Sound       
Temperature*Light       
Temperature*VOC       
Temperature*Kind of Workspace       
Temperature*Do you sit near (wall type):       
Relative Humidity*Outside temperature 0.924 0.005 
Relative Humidity*Outside Relative Humidity       
Relative Humidity*CO2       
Relative Humidity*Sound       
Relative Humidity*Light       
Relative Humidity*VOC 0.285 0.285 
Relative Humidity*Kind of Workspace       
Relative Humidity*Do you sit near (wall type): -0.999 0.010 
Outside temperature*Outside Relative Humidity       
Outside temperature*CO2       
Outside temperature*Sound 0.784 0.108 
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Outside temperature*Light       
Outside temperature*VOC       
Outside temperature*Kind of Workspace 1.509 0.038 
Outside temperature*Do you sit near (wall type):       
Outside Relative Humidity*CO2 -0.313 0.197 
Outside Relative Humidity*Sound 0.774 0.011 
Outside Relative Humidity*Light       
Outside Relative Humidity*VOC       
Outside Relative Humidity*Kind of Workspace       
Outside Relative Humidity*Do you sit near (wall type):       
CO2*Sound       
CO2*Light -0.377 0.185 
CO2*VOC -0.320 0.244 
CO2*Kind of Workspace -1.064 0.001 
CO2*Do you sit near (wall type):       
Sound*Light       
Sound*VOC 0.420 0.083 
Sound*Kind of Workspace 1.298 0.004 
Sound*Do you sit near (wall type):       
Light*VOC 0.635 0.016 
Light*Kind of Workspace 1.48 0.020 
Light*Do you sit near (wall type):       
VOC*Kind of Workspace       
VOC*Do you sit near (wall type): 0.906 0.001 
         
S    0.629769 
R-sq    74.46% 
R-sq(adj)    70.21% 
R-sq(pred)    64.14% 
 -----Step 33----- 
 Coef P 
Constant 3.605    
Temperature -0.432 0.001 
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Relative Humidity -0.842 0.000 
Outside temperature 1.081 0.001 
Outside Relative Humidity 0.326 0.083 
CO2 0.083 0.694 
Sound -0.191 0.462 
Light -0.069 0.854 
VOC 0.338 0.190 
Kind of Workspace -0.839 0.567 
Do you sit near (wall type): -0.3373 0.001 
Temperature*Temperature -3.519 0.000 
Relative Humidity*Relative Humidity 0.404 0.047 
Outside temperature*Outside temperature -0.936 0.001 
Outside Relative Humidity*Outside Relative Humidity 0.520 0.012 
CO2*CO2       
Sound*Sound       
Light*Light       
VOC*VOC -0.368 0.157 
Temperature*Relative Humidity       
Temperature*Outside temperature       
Temperature*Outside Relative Humidity       
Temperature*CO2 -0.683 0.002 
Temperature*Sound       
Temperature*Light       
Temperature*VOC       
Temperature*Kind of Workspace       
Temperature*Do you sit near (wall type):       
Relative Humidity*Outside temperature 0.907 0.006 
Relative Humidity*Outside Relative Humidity       
Relative Humidity*CO2       
Relative Humidity*Sound       
Relative Humidity*Light       
Relative Humidity*VOC       
Relative Humidity*Kind of Workspace       
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Relative Humidity*Do you sit near (wall type): -1.048 0.007 
Outside temperature*Outside Relative Humidity       
Outside temperature*CO2       
Outside temperature*Sound 0.742 0.127 
Outside temperature*Light       
Outside temperature*VOC       
Outside temperature*Kind of Workspace 1.442 0.044 
Outside temperature*Do you sit near (wall type):       
Outside Relative Humidity*CO2 -0.296 0.222 
Outside Relative Humidity*Sound 0.760 0.013 
Outside Relative Humidity*Light       
Outside Relative Humidity*VOC       
Outside Relative Humidity*Kind of Workspace       
Outside Relative Humidity*Do you sit near (wall type):       
CO2*Sound       
CO2*Light -0.385 0.175 
CO2*VOC -0.431 0.090 
CO2*Kind of Workspace -1.078 0.001 
CO2*Do you sit near (wall type):       
Sound*Light       
Sound*VOC 0.416 0.086 
Sound*Kind of Workspace 1.251 0.003 
Sound*Do you sit near (wall type):       
Light*VOC 0.606 0.021 
Light*Kind of Workspace 1.42 0.018 
Light*Do you sit near (wall type):       
VOC*Kind of Workspace       
VOC*Do you sit near (wall type): 0.940 0.001 
         
S    0.629917 
R-sq    74.37% 
R-sq(adj)    70.19% 
R-sq(pred)    64.20% 
378 | P a g e  
 
 -----Step 34----- 
 Coef P 
Constant 3.601    
Temperature -0.427 0.001 
Relative Humidity -0.831 0.000 
Outside temperature 1.187 0.000 
Outside Relative Humidity 0.431 0.010 
CO2 0.181 0.355 
Sound -0.247 0.333 
Light -0.131 0.726 
VOC 0.304 0.236 
Kind of Workspace -0.966 0.421 
Do you sit near (wall type): -0.3435 0.001 
Temperature*Temperature -3.509 0.000 
Relative Humidity*Relative Humidity 0.421 0.038 
Outside temperature*Outside temperature -0.998 0.000 
Outside Relative Humidity*Outside Relative Humidity 0.530 0.010 
CO2*CO2       
Sound*Sound       
Light*Light       
VOC*VOC -0.330 0.201 
Temperature*Relative Humidity       
Temperature*Outside temperature       
Temperature*Outside Relative Humidity       
Temperature*CO2 -0.667 0.003 
Temperature*Sound       
Temperature*Light       
Temperature*VOC       
Temperature*Kind of Workspace       
Temperature*Do you sit near (wall type):       
Relative Humidity*Outside temperature 0.908 0.006 
Relative Humidity*Outside Relative Humidity       
Relative Humidity*CO2       
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Relative Humidity*Sound       
Relative Humidity*Light       
Relative Humidity*VOC       
Relative Humidity*Kind of Workspace       
Relative Humidity*Do you sit near (wall type): -1.057 0.004 
Outside temperature*Outside Relative Humidity       
Outside temperature*CO2       
Outside temperature*Sound 0.716 0.141 
Outside temperature*Light       
Outside temperature*VOC       
Outside temperature*Kind of Workspace 1.741 0.028 
Outside temperature*Do you sit near (wall type):       
Outside Relative Humidity*CO2       
Outside Relative Humidity*Sound 0.631 0.027 
Outside Relative Humidity*Light       
Outside Relative Humidity*VOC       
Outside Relative Humidity*Kind of Workspace       
Outside Relative Humidity*Do you sit near (wall type):       
CO2*Sound       
CO2*Light -0.410 0.149 
CO2*VOC -0.434 0.088 
CO2*Kind of Workspace -1.027 0.001 
CO2*Do you sit near (wall type):       
Sound*Light       
Sound*VOC 0.439 0.070 
Sound*Kind of Workspace 1.107 0.006 
Sound*Do you sit near (wall type):       
Light*VOC 0.578 0.027 
Light*Kind of Workspace 1.23 0.012 
Light*Do you sit near (wall type):       
VOC*Kind of Workspace       
VOC*Do you sit near (wall type): 0.928 0.001 
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S    0.630419 
R-sq    74.25% 
R-sq(adj)    70.14% 
R-sq(pred)    64.43% 
 -----Step 35----- 
 Coef P 
Constant 3.580    
Temperature -0.417 0.002 
Relative Humidity -0.866 0.000 
Outside temperature 1.218 0.000 
Outside Relative Humidity 0.440 0.009 
CO2 0.160 0.413 
Sound -0.256 0.317 
Light -0.115 0.758 
VOC 0.153 0.503 
Kind of Workspace -0.983 0.429 
Do you sit near (wall type): -0.3266 0.001 
Temperature*Temperature -3.544 0.000 
Relative Humidity*Relative Humidity 0.424 0.037 
Outside temperature*Outside temperature -1.021 0.000 
Outside Relative Humidity*Outside Relative Humidity 0.521 0.011 
CO2*CO2       
Sound*Sound       
Light*Light       
VOC*VOC       
Temperature*Relative Humidity       
Temperature*Outside temperature       
Temperature*Outside Relative Humidity       
Temperature*CO2 -0.645 0.004 
Temperature*Sound       
Temperature*Light       
Temperature*VOC       
Temperature*Kind of Workspace       
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Temperature*Do you sit near (wall type):       
Relative Humidity*Outside temperature 0.945 0.004 
Relative Humidity*Outside Relative Humidity       
Relative Humidity*CO2       
Relative Humidity*Sound       
Relative Humidity*Light       
Relative Humidity*VOC       
Relative Humidity*Kind of Workspace       
Relative Humidity*Do you sit near (wall type): -1.066 0.005 
Outside temperature*Outside Relative Humidity       
Outside temperature*CO2       
Outside temperature*Sound 0.793 0.100 
Outside temperature*Light       
Outside temperature*VOC       
Outside temperature*Kind of Workspace 1.788 0.035 
Outside temperature*Do you sit near (wall type):       
Outside Relative Humidity*CO2       
Outside Relative Humidity*Sound 0.648 0.023 
Outside Relative Humidity*Light       
Outside Relative Humidity*VOC       
Outside Relative Humidity*Kind of Workspace       
Outside Relative Humidity*Do you sit near (wall type):       
CO2*Sound       
CO2*Light -0.369 0.191 
CO2*VOC -0.405 0.110 
CO2*Kind of Workspace -1.016 0.001 
CO2*Do you sit near (wall type):       
Sound*Light       
Sound*VOC 0.512 0.030 
Sound*Kind of Workspace 1.155 0.007 
Sound*Do you sit near (wall type):       
Light*VOC 0.585 0.025 
Light*Kind of Workspace 1.27 0.019 
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Light*Do you sit near (wall type):       
VOC*Kind of Workspace       
VOC*Do you sit near (wall type): 1.033 0.001 
         
S    0.631063 
R-sq    74.11% 
R-sq(adj)    70.08% 
R-sq(pred)    64.34% 
 -----Step 36----- 
 Coef P 
Constant 3.556    
Temperature -0.388 0.003 
Relative Humidity -0.915 0.000 
Outside temperature 1.227 0.000 
Outside Relative Humidity 0.415 0.013 
CO2 0.095 0.614 
Sound -0.267 0.295 
Light 0.002 0.995 
VOC 0.195 0.388 
Kind of Workspace -0.976 0.390 
Do you sit near (wall type): -0.3321 0.001 
Temperature*Temperature -3.575 0.000 
Relative Humidity*Relative Humidity 0.410 0.044 
Outside temperature*Outside temperature -1.057 0.000 
Outside Relative Humidity*Outside Relative Humidity 0.535 0.009 
CO2*CO2       
Sound*Sound       
Light*Light       
VOC*VOC       
Temperature*Relative Humidity       
Temperature*Outside temperature       
Temperature*Outside Relative Humidity       
Temperature*CO2 -0.601 0.007 
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Temperature*Sound       
Temperature*Light       
Temperature*VOC       
Temperature*Kind of Workspace       
Temperature*Do you sit near (wall type):       
Relative Humidity*Outside temperature 0.980 0.003 
Relative Humidity*Outside Relative Humidity       
Relative Humidity*CO2       
Relative Humidity*Sound       
Relative Humidity*Light       
Relative Humidity*VOC       
Relative Humidity*Kind of Workspace       
Relative Humidity*Do you sit near (wall type): -1.152 0.003 
Outside temperature*Outside Relative Humidity       
Outside temperature*CO2       
Outside temperature*Sound 0.823 0.088 
Outside temperature*Light       
Outside temperature*VOC       
Outside temperature*Kind of Workspace 1.777 0.026 
Outside temperature*Do you sit near (wall type):       
Outside Relative Humidity*CO2       
Outside Relative Humidity*Sound 0.630 0.027 
Outside Relative Humidity*Light       
Outside Relative Humidity*VOC       
Outside Relative Humidity*Kind of Workspace       
Outside Relative Humidity*Do you sit near (wall type):       
CO2*Sound       
CO2*Light       
CO2*VOC -0.372 0.141 
CO2*Kind of Workspace -1.051 0.000 
CO2*Do you sit near (wall type):       
Sound*Light       
Sound*VOC 0.503 0.033 
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Sound*Kind of Workspace 1.106 0.007 
Sound*Do you sit near (wall type):       
Light*VOC 0.672 0.008 
Light*Kind of Workspace 1.13 0.009 
Light*Do you sit near (wall type):       
VOC*Kind of Workspace       
VOC*Do you sit near (wall type): 1.121 0.001 
         
S    0.631780 
R-sq    73.97% 
R-sq(adj)    70.02% 
R-sq(pred)    64.47% 
 -----Step 37----- 
 Coef P 
Constant 3.486    
Temperature -0.333 0.008 
Relative Humidity -0.905 0.000 
Outside temperature 1.266 0.000 
Outside Relative Humidity 0.421 0.012 
CO2 -0.001 0.994 
Sound -0.316 0.213 
Light -0.058 0.873 
VOC 0.355 0.073 
Kind of Workspace -0.984 0.323 
Do you sit near (wall type): -0.3209 0.001 
Temperature*Temperature -3.574 0.000 
Relative Humidity*Relative Humidity 0.401 0.049 
Outside temperature*Outside temperature -1.044 0.000 
Outside Relative Humidity*Outside Relative Humidity 0.544 0.008 
CO2*CO2       
Sound*Sound       
Light*Light       
VOC*VOC       
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Temperature*Relative Humidity       
Temperature*Outside temperature       
Temperature*Outside Relative Humidity       
Temperature*CO2 -0.527 0.015 
Temperature*Sound       
Temperature*Light       
Temperature*VOC       
Temperature*Kind of Workspace       
Temperature*Do you sit near (wall type):       
Relative Humidity*Outside temperature 1.005 0.002 
Relative Humidity*Outside Relative Humidity       
Relative Humidity*CO2       
Relative Humidity*Sound       
Relative Humidity*Light       
Relative Humidity*VOC       
Relative Humidity*Kind of Workspace       
Relative Humidity*Do you sit near (wall type): -1.125 0.002 
Outside temperature*Outside Relative Humidity       
Outside temperature*CO2       
Outside temperature*Sound 0.881 0.068 
Outside temperature*Light       
Outside temperature*VOC       
Outside temperature*Kind of Workspace 1.864 0.019 
Outside temperature*Do you sit near (wall type):       
Outside Relative Humidity*CO2       
Outside Relative Humidity*Sound 0.687 0.015 
Outside Relative Humidity*Light       
Outside Relative Humidity*VOC       
Outside Relative Humidity*Kind of Workspace       
Outside Relative Humidity*Do you sit near (wall type):       
CO2*Sound       
CO2*Light       
CO2*VOC       
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CO2*Kind of Workspace -0.878 0.001 
CO2*Do you sit near (wall type):       
Sound*Light       
Sound*VOC 0.452 0.053 
Sound*Kind of Workspace 0.915 0.013 
Sound*Do you sit near (wall type):       
Light*VOC 0.659 0.009 
Light*Kind of Workspace 0.84 0.009 
Light*Do you sit near (wall type):       
VOC*Kind of Workspace       
VOC*Do you sit near (wall type): 1.179 0.001 
         
S    0.632955 
R-sq    73.79% 
R-sq(adj)    69.90% 
R-sq(pred)    64.62% 
α to remove = 0.1 
If a term has more than one coefficient, the largest in magnitude is shown. 
Analysis of Variance 
Source DF Adj SS Adj MS F-
Value 
Model 47 357.54
8 
7.607 18.99 
  Linear 15 22.688 1.513 3.78 
    Temperature 1 2.847 2.847 7.11 
    Relative Humidity 1 7.036 7.036 17.56 
    Outside temperature 1 6.236 6.236 15.56 
    Outside Relative Humidity 1 2.568 2.568 6.41 
    CO2 1 0.000 0.000 0.00 
    Sound 1 0.624 0.624 1.56 
    Light 1 0.010 0.010 0.03 
    VOC 1 1.292 1.292 3.22 
    Kind of Workspace 4 1.879 0.470 1.17 
    Do you sit near (wall type): 3 6.440 2.147 5.36 
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  Square 4 152.94
7 
38.237 95.44 
    Temperature*Temperature 1 147.55
0 
147.55
0 
368.29 
    Relative Humidity*Relative Humidity 1 1.561 1.561 3.90 
    Outside temperature*Outside temperature 1 5.968 5.968 14.90 
    Outside Relative Humidity*Outside Relative 
Humidity 
1 2.822 2.822 7.04 
  2-Way Interaction 28 37.072 1.324 3.30 
    Temperature*CO2 1 2.403 2.403 6.00 
    Relative Humidity*Outside temperature 1 3.802 3.802 9.49 
    Relative Humidity*Do you sit near (wall type): 3 6.024 2.008 5.01 
    Outside temperature*Sound 1 1.345 1.345 3.36 
    Outside temperature*Kind of Workspace 4 4.778 1.194 2.98 
    Outside Relative Humidity*Sound 1 2.373 2.373 5.92 
    CO2*Kind of Workspace 4 8.210 2.053 5.12 
    Sound*VOC 1 1.511 1.511 3.77 
    Sound*Kind of Workspace 4 5.154 1.289 3.22 
    Light*VOC 1 2.731 2.731 6.82 
    Light*Kind of Workspace 4 5.489 1.372 3.43 
    VOC*Do you sit near (wall type): 3 6.551 2.184 5.45 
Error 31
7 
127.00
0 
0.401    
  Lack-of-Fit 31
3 
126.00
0 
0.403 1.61 
  Pure Error 4 1.000 0.250    
Total 36
4 
484.54
8 
      
Source P-Value 
Model 0.000 
  Linear 0.000 
    Temperature 0.008 
    Relative Humidity 0.000 
    Outside temperature 0.000 
    Outside Relative Humidity 0.012 
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    CO2 0.994 
    Sound 0.213 
    Light 0.873 
    VOC 0.073 
    Kind of Workspace 0.323 
    Do you sit near (wall type): 0.001 
  Square 0.000 
    Temperature*Temperature 0.000 
    Relative Humidity*Relative Humidity 0.049 
    Outside temperature*Outside temperature 0.000 
    Outside Relative Humidity*Outside Relative Humidity 0.008 
  2-Way Interaction 0.000 
    Temperature*CO2 0.015 
    Relative Humidity*Outside temperature 0.002 
    Relative Humidity*Do you sit near (wall type): 0.002 
    Outside temperature*Sound 0.068 
    Outside temperature*Kind of Workspace 0.019 
    Outside Relative Humidity*Sound 0.015 
    CO2*Kind of Workspace 0.001 
    Sound*VOC 0.053 
    Sound*Kind of Workspace 0.013 
    Light*VOC 0.009 
    Light*Kind of Workspace 0.009 
    VOC*Do you sit near (wall type): 0.001 
Error    
  Lack-of-Fit 0.352 
  Pure Error    
Total    
Model Summary 
S R-sq R-sq(adj) R-sq(pred) 
0.632955 73.79% 69.90% 64.62% 
Coded Coefficients 
Term Coef SE 
Coef 
T-
Value 
P-
Value 
VIF 
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Constant 3.486 0.186 18.72 0.000    
Temperature -
0.333 
0.125 -2.67 0.008 2.47 
Relative Humidity -
0.905 
0.216 -4.19 0.000 7.45 
Outside temperature 1.266 0.321 3.95 0.000 9.40 
Outside Relative Humidity 0.421 0.166 2.53 0.012 4.91 
CO2 -
0.001 
0.177 -0.01 0.994 5.09 
Sound -
0.316 
0.253 -1.25 0.213 11.5
1 
Light -
0.058 
0.362 -0.16 0.873 22.9
6 
VOC 0.355 0.198 1.80 0.073 4.89 
Kind of Workspace                
  1 0.100 0.274 0.37 0.715 8.26 
  2 0.333 0.190 1.76 0.080 10.4
3 
  3 0.333 0.216 1.54 0.125 10.3
4 
  4 -
0.984 
0.548 -1.80 0.073 17.9
7 
Do you sit near (wall type):                
  1 0.110 0.168 0.66 0.512 7.59 
  2 0.149
2 
0.0913 1.63 0.103 5.63 
  3 0.061 0.112 0.55 0.586 5.94 
Temperature*Temperature -
3.574 
0.186 -19.19 0.000 1.72 
Relative Humidity*Relative Humidity 0.401 0.203 1.97 0.049 1.40 
Outside temperature*Outside temperature -
1.044 
0.270 -3.86 0.000 3.86 
Outside Relative Humidity*Outside Relative 
Humidity 
0.544 0.205 2.65 0.008 3.16 
Temperature*CO2 -
0.527 
0.215 -2.45 0.015 2.21 
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Relative Humidity*Outside temperature 1.005 0.326 3.08 0.002 4.60 
Relative Humidity*Do you sit near (wall type):                
  1 -
1.125 
0.412 -2.73 0.007 10.6
4 
  2 0.544 0.183 2.98 0.003 4.06 
  3 0.554 0.213 2.60 0.010 4.06 
Outside temperature*Sound 0.881 0.481 1.83 0.068 12.3
6 
Outside temperature*Kind of Workspace                
  1 -
0.401 
0.427 -0.94 0.348 5.27 
  2 -
0.466 
0.297 -1.57 0.117 9.90 
  3 0.136 0.309 0.44 0.661 5.94 
  4 1.864 0.901 2.07 0.039 14.8
3 
Outside Relative Humidity*Sound 0.687 0.282 2.43 0.015 4.55 
CO2*Kind of Workspace                
  1 0.297 0.273 1.09 0.278 2.52 
  2 -
0.515 
0.206 -2.49 0.013 5.95 
  3 0.480 0.244 1.96 0.051 4.18 
  4 -
0.878 
0.380 -2.31 0.022 2.21 
Sound*VOC 0.452 0.233 1.94 0.053 2.03 
Sound*Kind of Workspace                
  1 -
0.375 
0.370 -1.01 0.312 3.58 
  2 0.084 0.210 0.40 0.690 5.28 
  3 -
0.857 
0.292 -2.94 0.004 2.42 
  4 0.915 0.528 1.73 0.084 5.17 
Light*VOC 0.659 0.252 2.61 0.009 3.24 
Light*Kind of Workspace                
  1 -
0.098 
0.493 -0.20 0.843 3.55 
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  2 0.239 0.362 0.66 0.509 15.0
4 
  3 -
0.648 
0.386 -1.68 0.094 6.98 
  4 0.84 1.25 0.67 0.502 17.0
5 
VOC*Do you sit near (wall type):                
  1 1.179 0.527 2.24 0.026 16.8
7 
  2 -
0.841 
0.226 -3.73 0.000 8.11 
  3 -
0.295 
0.270 -1.09 0.274 7.34 
Regression Equation in Uncoded Units 
Thermal 
Comfort 
= -52.08 + 5.666 Temperature - 0.1318 Relative Humidity 
- 0.015 Outside temperature - 0.0836 Outside Relative Humidity 
+ 0.00637 CO2 - 0.2088 Sound - 0.00460 Light - 0.0468 VOC 
+ 1.53 Kind of Workspace_1 + 1.536 Kind of Workspace_2 
+ 2.79 Kind of Workspace_3 - 6.17 Kind of Workspace_4 
+ 0.32 Kind of Workspace_5 + 0.37 Do you sit near (wall type):_1 
+ 0.424 Do you sit near (wall type):_2 
- 0.484 Do you sit near (wall type):_3 
- 0.307 Do you sit near (wall type):_4 -
 0.11728 Temperature*Temperature 
+ 0.000460 Relative Humidity*Relative Humidity 
- 0.003066 Outside temperature*Outside temperature 
+ 0.000363 Outside Relative Humidity*Outside Relative Humidity 
- 0.000270 Temperature*CO2 
+ 0.001846 Relative Humidity*Outside temperature 
- 0.0381 Relative Humidity*Do you sit near (wall type):_1 
+ 0.01842 Relative Humidity*Do you sit near (wall type):_2 
+ 0.01876 Relative Humidity*Do you sit near (wall type):_3 
+ 0.00094 Relative Humidity*Do you sit near (wall type):_4 
+ 0.00313 Outside temperature*Sound 
- 0.0217 Outside temperature*Kind of Workspace_1 
- 0.0252 Outside temperature*Kind of Workspace_2 
+ 0.0074 Outside temperature*Kind of Workspace_3 
+ 0.1010 Outside temperature*Kind of Workspace_4 
- 0.0614 Outside temperature*Kind of Workspace_5 
+ 0.001164 Outside Relative Humidity*Sound 
+ 0.000838 CO2*Kind of Workspace_1 -
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 0.001454 CO2*Kind of Workspace_2 
+ 0.001355 CO2*Kind of Workspace_3 -
 0.00248 CO2*Kind of Workspace_4 
+ 0.00174 CO2*Kind of Workspace_5 + 0.000736 Sound*VOC 
- 0.0246 Sound*Kind of Workspace_1 
+ 0.0055 Sound*Kind of Workspace_2 
- 0.0562 Sound*Kind of Workspace_3 
+ 0.0600 Sound*Kind of Workspace_4 
+ 0.0154 Sound*Kind of Workspace_5 + 0.000073 Light*VOC 
- 0.00044 Light*Kind of Workspace_1 
+ 0.00107 Light*Kind of Workspace_2 
- 0.00290 Light*Kind of Workspace_3 
+ 0.00376 Light*Kind of Workspace_4 
- 0.00150 Light*Kind of Workspace_5 
+ 0.0293 VOC*Do you sit near (wall type):_1 
- 0.02088 VOC*Do you sit near (wall type):_2 
- 0.00733 VOC*Do you sit near (wall type):_3 
- 0.00107 VOC*Do you sit near (wall type):_4 
 
 
